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were C-shaped.~ Within the temperature range where a given stage was stable, the
reaction rate increased with increasing temperature at low temperatures (suggestiy,
Ja diffusion-controlled mechanism) and decreased with increasing temperature at high
temperatures (suggesting an interface~controlled mechanism). Also reported is a
TCT-diagram describing the dependence of theintercalation kinetiss on the exterm
intercalate concentration (i.e.,Br, concentration in the Br -CCI& solution containing
the sample).. The finalstage decreased in discrete steps wigh increasing Br,

cOacentration;in the Br,~CCi, solution containing the sample, but the rate of int
calation increased lineirly d1th increasing Br, concentration in the solution.
Although"bremdne intercalation by immersion in pure bromine at room temperature app
to involve direct formation of the final stage of 2, the actual progressive stage
decrease toward the final stage was clearly observed by altering the relative
intercalation rates of different stages by either raising the temperature or by
lowering the Br, concentration in the Br.-CCl, solution containing the sample.
The intercalate“front first observed by surface profilometry was found by x-ray
diffraction and x-ray absorption to delineate a central region which was nearly
pure graphite (except near the c-face surface) and an edge region which contained
,aﬁ%fry szall amount of pure graphite.

1 In-plane intercalate ordering was observed for the first time in intercalated
graphite fibers. This observation wac made in stage 1 and stage 2 graphite-ICl
‘based on Thornel P-100 graphite fibers and prepared by the two-builb meiiod, &5_/
which liquid ICl was at 95°C while graphite was at 100°C for stage 1 and 1307C fof
stage 2. As shown by the transmission Laue x-ray diffraction technique, the in-plar
ordering was the same for stage 1 and stage 2 fibers, and for stage 1 HOPG. The Q
unit-cell was monoclinic and commensurate with graphite, as previously found by :
Ghosh and Chung by single crystal x-ray diffraction.

By x-ray diffraction, exfoliated graphite-Br, was found to exhibit the same
in-plane superlattice ordering as intercalated graphite prior to exfoliation. Th}s
ordering persisted even after heating for an hour at 1700°C. By dilatometry, a
Isingle exfoliation event was found to consist of multiple expansion spurts, which
occurred at -150°C and ~240°C for first exfoliation, and ~100°C and -240°C for
subsequent cycles.. The amount of expansion was found to fncresae with decreasing
intercelate activity during intercalation. With exfoliation cycles to higher temp
eratures or longer times, the amount of residual expansion after the collapse on
cooling increased until no second exfoliation was observed on reheating. Due to
intercalate desorption, the amount of expansion for concentrated samples increaseq
with increasing sample width; desorbed samples showed little width dependence.
Acoustic emission was observed before appreciable expansion during the first
exfoliation cycle; it was not observed during the collapse of subsequent exfoliatjon
cycles. A model of exfoliation involving intercalate islands is proposed.
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RESEARCH OBJECTIVE

'The research objective is to gain a basic understanding of
(1) the process of intercalation of graphite,
(i1) the process of exfoliation of intercalated graphite.

Emphasis i8 given to the kinetic and the structural effects.
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Summary

We report the first TTT-diagram for the intercalation of graphite.
The TTT-curves were C-shaped. Within the temperature range where a given stage
was stable, the reaction raie increased with increasing temrernture at low
temperatures (suggesting a diffusion-controlled mechanism) and decreased with
increasing temperature at high temperatures (suggesting an interface-controlled
mechanism). Also reported is a TCT-diagram describing the dependence of the
of the intercalation kinetics on the external intercalate concentration (i.e.,
Br2 concentration in the Br —CCl4 solution containing the sarple). The final

2

stage decreased in discrete steps with increasing Br2 concentration in the Brz—
CClA solution containing the sample, but the rate of intercalation increased
linearly with increasing Br2 concentration in the solution. Although bromine
intercalation by immersion in pure bromine at room temperature appeared to
involve direct formation of the final stage of 2, the actual progressive stage
decrease toward the final stage was clearly observed by altering the relative
intercalation rates of different stages by either raising the temperature or

by lowering the Br2 concentration in the Brz-CCIA solution containing the sample.
The intercalate front first observed by surface profilometry was found by
x-ray diffraction and x-ray absorption to delineate a central region which was

nearly pure graphite (except near the c-face surface) and an edge region which

contained a very small amount of pure graphite.

In-plane intercalate crdering was observed for the first time in intercalated
graphite fibers. This observation was made in stage 1 and stage 2 graphite-ICl
based on Thornel P-100 graphite fibers and prepared by the two-bulb method, in
which 1iquid ICl was at 95°C while graphite was at 100°C for stage 1 and 130°C for
stage 2. As shown by the transmissionLlaue x~ray diffraction technique, the in-

plane ordering was the same for stage 1 and stage 2 fibers, and for stage 1




HOPG. The unit cell was monoclinic and commensurate with graphite, as previously

found by Ghosh and Chung by single crystal x-ray diffraction.




A. Intercalation Methods

Intercalation mostly occurs on exposure of graphite to the intercalate
vapor or liquid; this 1is known as spontaneous intercalationl. For some inter-
calates, intercalation can be madc to occur electrolytically by using graphire
as an electrode. Sporntaneous intercalation is by far more varsatile than
electrolytic intercalation, although there are some intercalates which require
electrolytic intercalation. During the past years, a number of spontaneous
intercalation methods have emerged, so that it is of value to systematize
them.

Listed in Table 1 are the various intercalation methods, which differ in
the parameter(s) used to control the eventual stage. These methods are
described below.

1. Temperature method

In the temperature method, either the sample temperature or the
intercalate reservoir temperature (which controls the intercalate vapor
pressure) or both is/are varied to control the eventual stage.
(a) Two-bulb method I

In the two-bulb method I, the sample temperature is varied to control
the eventual stage, while the intercalate vapor pressure is fixed. This
is the most popular method, which was originally developed for the inter-
calation of alkali metalsz. The sample temperature should be kept higher
than the intercalate reservoir temperature to avoid condensation of the
intercalate on the samnle. |
(b) Two-bulb method II

In the two-bulb method II, the intercalate vapor pressure is varied
by changing the temperature of the intercalate reservoir. This variation

is used to control the eventual stage. This method was originally developed




for the intercalation of alkalil metals, but has also been applied to
the intercalation of Br23, FeCl34, AsFSS, etc.
(c) One-bulb method

In the one-bulb method, both the sample and the intercalate
reservoir are kept at the same temperature. Thus, an increase in
sample temperature necessarily increases the intercalate vapor pres-
sure. This method 1s experimentally simpler than the two-bulb methods
because it requires only one temperature. It has been applied for
the intercalation of FeC136, SbF57, AsFSB, MF6 (M=0s, Ir, As)g, etc.
In this work, the one-bulb method was applied for the first time to
prepare various stages of graphite-Brz.
Solution method

In the solution method, the intercalate is dissolved in a certain
solvent which does not intercalate. The concentration of the intercalate
in the solvent is used to control the eventual stage. This method was

first used by Hennig to prepare graphite-Br2 residue compounds with Br —CCla

2
solution.3 In this work, the use of this method to prepare various stages

of graphite—Br2 was established. The solution method has also been applied
for the intercalation of HNO3 (with fuming nitric acid + concentrated nitric

0 and Li (with Li-Na alloy)ll.

acid)l
Limited reactant method

In the limited reactant method, the amount of intercalate (reactant)
used is limited to a specific value to pive a chosen eventual stage. This
method has been applied to the intercalation of Klz, SnC1413, etc. Two
means of excitation have been used to initiate intercalation. The more
common way is heating, as used for K 1ntercalation12. The newer way is

the use of light (i.e., the photochemical method), as used for SnCl, inter-

calation13.




4., Limited time method

In the limited time method, the time of intercalation 1s limited
to a specific value in order to give a chosen stage, which forms prior
to the eventual stage. This method is mostly used for AsF5 intercalationla

Because of the possible coexistence of stages prior to the formation of

the final stage, this method often dces not give a pure stage.

In the case of Br2 intercalation, the two-bulb method II is perhaps the
most popular, but it suffers from its slcw kinetics. 1In this method, the Br,
vapor pressure is controlled by the temperature of the Br2 reservoir, while the

sample temperature is typically rcom temperature. The vapor pressure P of

Br2

pure bromine is given byl5

_ 638.25 ) _sQor °
L . 5.82 T+ 158.006 48°C«<T<58.2°C
B10 “Br, = (1)
1562.26 ° o
7.583 - T + 273.78 70°C<T<110°C,
where PBr is pressure in mm Hg and T is temperature in °C.
2

Closely related to this method is the solution method, in which the Br2
vapor pressure is controlled by the concentration of Br2 in a Brz—CClb solution.
Both the snlution and the sample are typically at room temperature. The relatively
fast kinetics of the solution method is because the sample is usually immersed
in the solution (i.e., liquid-phase intercalation) rather than being exposed
in the vapor only (i.e., vapor-phase intercalation). The vapor pressure PSol
above the BrZ-CCI2 solution is related to the vapor pressure PBr2 of pure bromine

and the mole fraction X of Br2 in the solution by the relationi®

In Piol Y= 1.197 (1-X)2 - 0.493 (1-X)° ()

P X
Br2
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Shown in Fig. 1 are x-ray diffraction patterns obtained with Cuka radiation

showing the 00% lines in various stages prepared from highly oriented pyrolytic
graphite (HOPG) by the solution method. The second stage was prepared by immersion
in pure liquid bromine (X=1) at room temperature; the third stage was prepared

by immersion in Brz—Ccl4 with X=0.2 at room temperature; the fo rth stage was

prepared by immersion in BrZ—CClA with X=0.15. The c-axis periodicity was thus

(-] -]

-]
found to be 10.38 a, 13.73 A and l6.9f0.2 A for stages 2, 3 and 4, respectivelv.

,
These values are in agreemert with tnose of correspording stages prepared bv the
two-bulb method II.17

In the soluticn method, the eventual stage number increases with decreasing X and
the rate of intercalation also decreases with decreasing X, so the preparation
of high stages takes quite a long time (e.g., a few days for samples that are
a few © wide). On the other hand, in the one-blub method, the eventual stage
number increases with increasing temperature and the rate ol intercalation also
increases with increasing temperature, so the preparaticn of high stages takes

even less time than the lowest stoge. Therefore, the one-blub method is particularly
convenient for high stages. In this work, the one-bulb method was applied for
the first time to prepare various stages of graphite-br,. Shown in Fig. Z are
x-ray diffraction patterns obtained witl. CuKa radiation showing the 00£ lines
in samples prepared by the one~bulb method. The second stage was prepared by
immersion in pure liquid bromine at room temperature; the third stage was prepared
by immersion in pure bromine in 105°C. The c-axis periodicity was 10.38 £ and
13.73 & for stages 2 and 3, respectively. These valucs are close to thoge of the
corresponding stages prepared by the solution method.

It is possible to combine the solution nethod and tlie one-blub method by

adjusting both the temperature and X. Shown in Fig. 3 is the x-ray diffraction




pattern of stage 4 prepared by immersion in Brz-CClA {(X=0.5) at 105°C. This
combined method allows investigation of the dependence of th:c :zrentual stage on
the sample temperature and the vapor pressure. Such an investigation will yield
the pressure-temperature phase diagram, which can be analyzed to give the enthalpy
and entropy of the transformation from one stege to another. The determination

of the phase diagram 1s presently in progress.

Also shown in Fig. 3 1s the x-ray diffraction pattern of pure graphite
(HOPG). Comparison of the linewidths of the diffraction peaks of various samples
in Fig. 1-2 shows that the linewidths of the superlattice lines and the pure
graphite lines (at similar 20 angles) are approximately the same for stage 2,
and that the linewidths of the superlattice lines increase slightly with increasing
stage number. The linewidths thus indicate that the graphite~Br2 samples prepared

by both the solution method and the one-blub method are well-staged.
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B. Intercalation Kinetics

An extensive investigation has been carried out on the kinetics of inter-

calation of bromine in HOPG. This section considers (i) intercalate fronts,

(11) stage evolution, and (iii) mechanism.

Intercalate Fronts

Revealed by optical microscopy

An indication of the progress of intercalation is the deformation of the
sample shape or surface profile during intercalation. The shape deformation
known as the '"ash tray effect" accompanies the intercalation of graphite for
most intercalates. This effect involves the sharp bending of the graphite
layers at the intercalate front due to the large thickness increase in the region
behind the intercalate front.18

As the deformation of the baszcl surface does represent the presence of
intercalation,19 we have used this deformation to observe in situ the growth
of the intercalation compound by using an optical microscopy. For this observa-
tion, the solution method was used at room temperature in the vapor phase.
The sample was positioned in a glass bottle containing a BrZ—CCI4 solution such
that the c-face was perpendicular to the incident light beam. The bottle was
sealed and placed under an optical microscope. The sample surface was photographed
in situ at different times of intercalation. Due to the specular surface of
HOPG, under perpendicular lighting, undeformed regions reflect the light back
upon itself while deformed regions scatter the light out of the field of view.
In short, flat regions are bright and bent regions are dark. Figure 4 shows optical
micrographs of a sample after different times of intercalation at X=0.15, together
with the schematic surface profiles. The eventual stage was 4. By this optical

method, the deformed region was quite sharply delineated and could be seen to

propagate toward the center of the sample.




Figure 5 1s a plot of the width of the deformed (edge) region behind the
intercalate front as a function of time during intercalation. It can be seen
from Fig. 5 that the deformed region grew quickly initially, followed by a region
where growth was of apparently constant velocity, in agreement with the results
of ex situ surface profilometry.18 The constant velocity suggests interface-
controlled growth}s’zo On the other hand, these data can be plotted as a function
of the square root of time, as shown in Fig. 6. That this plot is quite linear
suggests the intercalate growth to be diffusion-controlled. Comparison of
Fig. 5 and Fig. 6 indicates that the overall linear fit is better in Fig. 6,so that
the diffusion~controlled mechanism is probably the case for this intercalation
condition. However, based on these figures alone, the interface-controlled
mechanism cannot be ruled out. To better elucidate the mechanism, a study of
the temperature dependence of the intercalation rate was performed, as described

later in this section,where the TTT-diagram was found to support the diffusion-

controlled mechanism for intercalation at room temperature.

Revealed by x~ray absorption

The x-ray absorption technique gives more information than the optical
microscopic observation of the intercalate front. This is because the
amount of x-ray absorbed is related to the bromine concentration. Due to
the large difference in atomic mass between carbon and bromine, x-ray absorption
gives a rather accurate determination of the bromine concentration. The
absorption measurement was performed hj. the transmission geometry. Hence,
the whole sample thickness was analyzed at any one time, irrespective of
the surface topography.

The »-ray radiation used was CuKa. The x-ray beam was collimated

by a slit of size 0.0lmm x 2mm. The sample was mounted so that the middle
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of its long edge intersected the beam. It was translated through the bean

on a motor driven micrometer stage, such that the direction of translation

was along the long edge of the sample. The transmitted beam intensity was
measured as the total number of counts detected within a counting interval.
Counting started before the beam impinged upon the sample and continued
after the sample left the beam in order to determine the incident bean
intensity. A 0.lmm receiving slit was located behind the sample. A

graphite rmcnochromator tuned to CuKa was located behind this slit.

Show:. in Fig. 7(a) is the intercalate concentra:zion profile across

the c-face obtained after 297 hr of room temperature intercalation in

[

liquid bromine. This intercalation condition yields & final staze of
The sample was of size 12mm x 12mm x 0.13mm and weighed 50 mg before
intercalation. The intercalation was interrupted intermittantly for
x~rav analysis. The average weight loss due to intercalate desorption was

2 mg during each interruption, which typically lasted ~1.5 hr. The vertical
axis in Fig. 7(a) describes the intercalate concentration in terms of the
stage number. For example, the intercalate concentration corresponding to
that of pure stage 2 is labeled "2" in the vertical axis; similarly the
intercalate concentration corresponding to that of pure stage 3 is labelud
"3" in that axis. Figure 7(a) shows that the concentration changed from

a region of nearlv pure stage 2 to a region of negligible intercalate con-
centration over a narrow spatial region. This front moved inward as
intercalation proceeded. This is consistent with the surface deformation

of the sample during intercalation.

Revealed by x~ray diffraction

X-ray diffraction was performed by using a 8-2¢ Xx-rav powder diffracto-

meter. The 002 diffraction pattern was obtained from the basal plane, vith the




rectangular cross-section of the x-ray beam perpendicular to the long edge
of ¢he sample. The CuKa radiation was used. For diffraction at selected
areas of a sample, lead or tantwmlum foil was used to nask the afea at

which diffraction was not desired. For a typicul sample of width &4mm,

the diffraction pattern of the central 2-mm wide portion of the sample

was obtained by masking the remaining regions near the two long edges of
the sample. Similarly, the diffraction pattern of the two edge regions
(each edge region being lmm wide) was obtained by masking the central

2-mm wide portion of the sample. Diffraction patterns were tvpically
taken for a 20 range of 15 to 25°C. This range allowed the diffraction
run to be obtained in a reasonable length of time while showing the strongest
superlattice lines not coincident with the graphite lines. Though a
monochromator was used, the graphite (002) line due to the K2 radiation
was quite pronounced. No attempt was made to measure the graphite (0Q2)

Kr line because its intensity was so high that it overloaded the detector.

To indicate the relative depths from the basal surface of different
stages present within a sarmple during intercalation, diffraction patterns
were obtained with both CuKz and MoKe radiations on a 12mm x 12mm x 0.15mm
HOPG sample, which was intercalated in pure bromine at room temperature
and removed for analysis intermittantly. The MoKa radiation, having a
higher energv than CuKa,yields a greater penetration distance. lience phases
farther from the surface can contribute more to the diffraction pattern
obtained with MoKa than is the case with CuKa. Selected area x-ray diffraction was
also done on this sample; masking was such as to allow observation of either
4mm of the center region or 4mm of the two edge regions combined (i.e., 2mm of

each edge region)-:




X-ray diffraction patterns obtained from the 'center' and "edge" regions
are shown in Fig. 7(b) and (c) for CuKx and MoKx radiations, respectively. The
widths of the center and edge regions are indicated in Fig 7(a). Each diffraction
peak in Fig. 7(b) and (c) is labeled by the £ index of the (00£) Miller indices
with the subscript indicating the stage (G indicating graphite) and the superscript,
if present, indicating the Kaj, Kap or K§ ¢omponent. The difference
between Fig. 7(b) and (¢) illustrates the depth dependence of the stage
distribution. Figure 7(b) and (c¢) show that the edge region is predominantly
stage 2, whereas the center region is predominantly graphite, except that
the center region near the surface has a considerable amount of stage 2.
In other words, there is a significant depth dependence of the stage

distribution in the center region.

Effect on weight measurement

Shown in Fig. 8 is the plot of weight uptake against the square root
of time during room temperature intercalation by immersion of the samples
in Brz—CClA solutions of various concentrations ranging from 5 mol % Br2
to 50 mol 7% Brz. The weight measurement was carried out ex situ by using

a Perkin-Elmer AD-2Z Autobalance. X-ray analysis was performed on the

samples immediately after each weight measurement. The curves in Fig.

w

are quite linear for the first half of the time axis and they deviate from
linearity at long intercalation times. This deviation from linearity is
attributed to be due to the meeting of the intercalate fronts at the
center of the sample. When the fronts met, the intercalation rate
changed. The meeting of the fronts was indeed observed by x-ray absorption

at roughly the times when the weight curves deviate from linearity.




Stage Evolution

The stage evolution that leads to the formation of & pure eventual stage is
fundamental to elucidation of the kinetics of intercalation. This process has

been investigated for (i) the solution method., aud (ii) the one-bulb method.

Solution method

Shown in Fig. 9 are representative intercalate concentration profiles
(obtairn.ed by x-ray absorption) and x-ray diffraction patterns of the edge
and center regions 3t different times during intercalation by immersion in
a 50 mol % Br2 BrZ-CClA solution at room temperature. After 34 hr of
intercalation, there was not much evidence for appreciable intercalation in
the center region, which was ahead of the intercalate front, although some
weak stage 3 and stage 4 superlattice (00f) lines were observed. On the
other hand, the edge region was mainly stage 2, which coexisted with smaller
quantities of stage 3, stage 4 and graphite. After 210 hr of intercalation,
the fronts had met, the stage 4 and graphite components in the edge region
had disappeared, the stage 4 and stage 3 components in the center region
had grown, a stage 2 component had appeared in the center region, and the
graphite component had greatly diminished in the center region. After 1187 hr
of intercalation, the concentration profile was flat, indicating that inter-
calation was essentially complete. Furthermore, both the edge and center
regions were almost pure stage 2, which was the final stage for this inter-
calation condition. In addition to the major intercalate front (also referred
to as "'the first front'") ahead of which was mainly pure graphite, a second
front was observed behind the first front as shown in Fig. 9. Both the
first and second fronts moved toward the center during intercalation, but they
progressed at different rates. Of interest is that the shoulder in the con-
centration profile between the first and second fronts occurred at a con-

ceatration roughly corresponding to that of pure stage 3. Also note that

‘g
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the maximum in each concentration profile approximately corresponds to the
concentration of pure stage 2. It is probable that the shoulder was due to
the completion of intercalating the whole sample thickness to stage 3) so that
the region between the maximum and the shoulder consisted of a mixture of
stages 2 and 3. However, x-ray diffraction at this small area was not

carried out to confirm this hypothesis. 1In some cases, a third front was

also observed, though it was not as clear as the first and second fronts.
Representative concentration profiles and diffraction patterns obtained

after 600 hr of intercalation in various concentrations of Brz-CCla solutions

at room temperature are shown in Fig. 10, After 600 hr of intercalation in

a 15 mol % Br, solution, stage 4 was the main phase present. Because the

2
first fronts had not met, pure graphite was also present in the center region.
After 600 hr of intercalation in a 25 mol % Br2 solution, stage 3 was
dominant in the edge region and stage 4 was dominant in the center region.
Because the fronts had met, pure graphite was absent. After 600 hr of
intercalation in a 30 mol % Br2 solution, stage 3 was dominant in both
the center and the edge regions. Note the presence of the second front in
Fig. 10, The second front was clearest for external intercalate concentra-
tions near the limits for giving a certain final stage, such as 40 meol %
Br, (final stage = 2) and 15 mol % Br2 (final stage = 3). The latter is
one of the concentrations shown in Fig. 10. Refer to Table 3 for these limits.
The stage evolution during intercalation is illustrated in Table 2
for two representative external intercalate concentrations (50 and 20 mol

% Br,). The table lists the stages present in the edge and center regions

2

at various intercalation times, together with the percentage weight gain
at each time. The symbol denoting the main phase (indicated by the stage
number or G for graphite) was underlined. Note that the center region was

always taken as the central 2-mm wide region, irrespective of the front




position. For the case of the 50 mol 7% Br2 solution, stage 2 was the final
stage, which was attained as a pure stage after 663-1182 hr of intercalation.
Before this, stages 3 and 4 and pure graphite were also observed. Stage 2
was the dominant stage at all times in the edge region, whereas stages 4,

3 and 2 were successively dominant in the center region. The pure graphite
phase was dominant in the edge region for the first 15-24 hr of intercalation,
whereas it was dominant in the center region for the first 140-210 hr cf
intercalation. For the case of the 20 mol % Br2 solution, stage 3 was

the final stage, which was attained as a pure stage after 667-1812 hr of
intercalation. Before this, stages 4 and 5 and pure graphite were also
observed. Pure graphite, stage 4 and stage 3 were successively the dominant
stage in both the edge and center regions. However, the pure graphite

phase was dominant in the edge region for the first 63-66 hr of intercala-
tion, whereas it was dominant in the center region for the first 355-~667

hr of intercalation. Shown in Table 2 is the coexistence of stages higher
than the eventual stage. This behavior ie in contrast to that in K inter-
calation, where little stage coexistence occurs during the progressive stage

2
decrease toward the eventual stage. 1

Table 3 compares the stage obtained after 468 ~ 689 hr of intercalation
for various external intercalate concentrations. Also indicated in Table?
are the final stages for the various concentrations. For a final stage
of 2, concentrations above ~40 mol % BrZ is required; for a final stage
of 3, concentrations from 15 to 30 mol 7 Br2 are appropriate.

Both Table 2 and Fig. 7 show that the intercalation involved a progressive
decrease in the stage number rather than the direct formation of the final
stage. However, the higher the external intercalate concentration, the

more it appears to be direct final stage formation.
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The dependence of the intercalation rate on the external intercalate concen-
tration is summarized in the temperature-concentration-transformation (TCT)
diagram in Fig. 11. The curves there give the times for a certain stage to start
forming and to finish forming, so that the curves separate regions in the diagram
corresponding to the coexistence of different combinations of phases, which are
indicated by the stage number or G for the pure graphite phase. To see how the
phases evolve during intercalation at a particular external intercalate concentra-

tion, the TCT-diagram should be read horizontally from left to right. The normalized

time in the horizontal scale in Fig.11,is the time divided bv the square
, 2

of the width behind the first front, so that its unit is s/cm”. For

example, at a mole fraction of 0.2 for the Br2 concentration in the

Br.,-CCl, sclution, stage 4 began forming after ~7 x lOA s/cmz, stage 3

2 4

. 5 2 C e .
began forming after ~2 x 10 s/cm”, stage 4 finished forming after ~ 4 x 13
< s . 2

s/cm“ and stage 3 finished forming after 3 x lO8 s/em”. As a result, pure

. - 4 2
graphite was the onlv phase observed before ~7 x 10 s/cm”, stage 4 and

. . 4 2 5 2 .
graphite coexisted from ~ 7 x 10 s/em” to v~ 2 x 107 s/cm”, stage 3, stage <

. . 5 2 7 2 ,

and graphite coexisted from ~2 x 107 s/cm” to 4 x 10° s/cm, stages 3 and =

: . . 7 2 8 2
coexisted (without graphite) from ~4 x 10" s/cm” to ~3 x 10 s/cm”, and

, 2 .

stage 3 (the final stage) was present alone after "3 x 108 s/cm”, which was
when intercalation was complete. The horizontal bands in Fig.ll.scparate
the different ranges of mole fraction which give different final stages.
These ranges are also given in Table 3. Because of the significant error
involved in measuring the time when a certain stage higher than the final
stage just hegan to form, the error bars for such data points probably
extend to the left more than indicated, as implied by the arrows pointing
to the left for such error bars in Fig.ll. The other curves are more
accurate; each error bar covers the data points obtained from the results

of x-ray diffraction, »-ray absorption and optical microscopyv.




One-bulb method

X-ray diffraction and x-ray absorption were also used ex situ to
follow the intercalate concentration profiles and stage evolution during
intercalation at various constant temperatures from room temperature to 140°C.
Intercalation was performed by immersion of the sample in pure bromine
sealed in a Monel ampoule, such that the sample and bromine were at the
same temperature, which was controlled by a water bath.

Shown in Fig. 12 are a series of x~ray diffraction patterns obtained
after 2 hr of Br2 intercalation at various temperatures toward a final staze
of 2. Samples were intercalated in liquid bromine. They were 4 mm x 14 mm x
0.5 mm and mounted so that the full 4 mm width was in the x-ray beam. Due
to the deformation caused by intercalation, quantitative intensity measure-
ments could not be made. Nonetheless, the dependence on temperature can
be clearly seen in Fig. 12 . At 25°C, essentially only stage 2 was observed
after 2 hr; above 30°C, increasing amounts of stage 3 were observed, till
at 50°C, no stage 2 peak was evident after 2 hr. However, the final stace
was pure stage 2 for all the temperatures from 25°C to 50°C, as shown by
x-ray diffraction after a week of intercalation. This dependence on
temperature is further illustrated in Fig. 13, where the relative integrated
intensities of the stage 2 (003) peak and the stage 3 (004) peak afrer 2 hr

of intercalation are shown as a function of the temperature. Therefore,

the higher the intercalation temperature, the faster the kinetics of stage
3 formation compared to that of stage 2 formation, even though the final
stage is 2 for all these temperatures.

We have also allowed samples (4.5 x 12 mm; thickness: 0.1 - 0.25 mm)
to be intercalated in liquid bromine for 2 hr at 72°C, 81°C, 90°C and 100°C.
Note that the intercalation conditions are the same as those used in Fig. 12
except that these temperatures are higher. After 2 hr of intercalation

at 72°C, a weight increase of 24 %(1.9 mole % Brz) was observed; after 2
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hr of intercalation at 81°C, a weight incrased of 34 % (2.6 mole % Brz)

was observed; after 2 hr of intercalation at 90°C, a weight increase of 43 ¥
(3.3 mole % Br2) was observed; after 2 hr of intercalation at 100°C, a
weight increase of 54 % (4.1 mole 7% Brz) was observed. Shown in Fig. 14
are superlattice x-ray diffraction peaks obtained at the region behind

the intercalate front (the edgc region) by masking the center region with
a 3 mm wide lead foil for the 72°C sample and with a 2 mm wide lead foil
for the 81°C and 90°C samples. NXNo mask was used for the 100°C sample.
Corresponding intercalate concentration profiles across the whole sample
width obtained by x-ray absorption are shown in Fig. 15, which indicates
that the intercalation rate increased with increasing temperature and

that intercalation was close to completion after 2 hr of intercalation at
100°C. Formation of stage 4 in addition to the final stage of 3 was
observed after 2 hr of intercalation at 72, 81 and 90°C. Figure 14 shows
that the higher was the temperature, the smaller was the proportion of

the stage 4 component. This trend is a consequence of the fact that the
stage 3 was the final stage and that the intercalaticn rate increased with
increasing temperature, so that, after 2 hr of intercalation, intercalation

was far from complete at 72°C but was relativelv close to completion at

971

100°C, as shown by the concentration profiles in I'iz. 5. The final stouoe was pure

stage 3 for all the temperatures from 72°C to 100°C, as shown bv x-rav
diffraction after about 2 weeks of intercalation.

The relative integrated intensities of the stage 3 (003) peak, the
stage &4 (004) peak and the graphite (002) K3 peak after 1 hr of intercalation
are shown in Fig. 16. These particular superlattice lines were chosen
for these stages because they were strong and well-resolved from one another.
It should be emphasized that these intensity data only give qualitative

trends of the phase quantities as a function of the temperature. Separately




indicated in Fig. 16 are the relative intensities obtained in the center
region and the edge region; the center region was the central 2-mm wide
region whereas the edge region was the remaining areas of the 4-mm wide sample.
The final stage was 3 at all these temperatures. It was attained as a pure
stage for both the center and edge regions after 1 hr of intercalation at
100°C. The intermediate phase of stage 4 was observed to be strongest

at an intermediate time not too close to the beginning nor the completion

of intercalation. As a result, it was strongest after 1 hr of intercalation
at 80°C compared to the other t@peratures sheown in Fig. 16. The grapnite
rhase decreased while stage 3 increased with increasing temperature because
the intercalation rate increased with increasing temperature.

Similar measurements were made after varicus intercalation times at
various temperatures The results are summarized in the form of a time-
temperature-transformation (TTT) diagram in Fig. 17. The diagram shows the
phase evolution as a function oi time during intercalation at various constant
temperatures. The horizontal bands mark the temperature limits for obtaining
particular final stages. For a final stage of 2, the temperature should be pelow
~ 72°C5 for a final stage of 3, the temperature should be between ~72°C and
~ 1400C; for a final stage of 4, the temperature should be above ~140°C. Note
that intercalation was by immersion in pure bromine at all temperatures. That
the final stage increased by increasing the temperature was predicted by the
reaction enthalpies and entropies measured by Aaronson et 31.22 for graphite-
alkali metals and by SasaZ3 for graphite-bromine, and was experimentally shown
by Bach et 31.24 for graphite-bromine by weight measurement,

Fig. 17 shows that the rate of stage 2 growth increases with increasing
temperature from ~20°C to 58°C, suggesting diffusion-controlled kinetics
for this temperature range whereas 1t decreases with increasing temperature

from ~58°C to ~72°C &72°C 1s the upper temperature limit for stage 2 stability),




suggesting interface-controlled kinetics for this temperature ranpe. A
similar C-shaped TTT-curve vas obtained for the time for the completion
ot growth of stage 3, indicating diffusion-controlled kinetics at ~72 -
nv110°C and interface-controlled kinetics at ~110 - ~140°C. Of interest
is that the C-shaped curves for szage 2 and stage 3 completion are roughly

parallel to each other for both temperature regimes.

Mechanism

The x-rayv absorption observation of the intercalate fronts was made
for various external intercalate concentrations from 0.05 to 1.00 in 3r.,
mole fractions. Figure 18shows the plot of the square of the width of the
region behind the first front as a function of time duving intercalation
for various external intercalate concentrations. This plot vielided quite
good linear fits to each set of datz points, whereas a plot of the width
(not squared) versus time did not give good linear fits. This is consistent
with the optical microscopy results shown in Fig. 5 and 6. Hence, a parabolic
growth rate seems to apply to the progress of the first front,indicating
a diffusion-controlled growth. On the other hand, the second front does
not follow a parabolic rate law, but rather shows a better fit to a linear

rate. Because of the large scatter of the data for the second front

compared to the first front, t! 2 rate of movement of the second front did

not allow quantitative analysis. The slope of the plot in Fig.18 gives

the growth rate, which is the same as 4 times the diffusion coefficient D.
This rate is plotted against the external intercalate concentration in

Fig. 19. Included in Fig. 19 are growth rates determined by x-rav absorpticn
and optical microscopy. As mentioned earlier in this section, optical
microscopy observation of the front position was made at various external

intercalate concentrations. Figure 19 shows that the dependence of the
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growth rate on the concentration is approximately linear. This dependence

suggests that the intercalation reaction mav be best understood as a reaction

involving a single intercalate laver, while staging is more or less imposed

by other constraints in the svstem, such as elastic or electrostatic stresses.
Based on the diffusion~controlled mechanism for the intercalation

process for all the external intercalate concentrations at room temperature

(23°C), we calculated the diffusion coefficients D from results of cptical

microscopy, x-rav absorpticn and weight measurement. The D values are

listed in Table & for various external intercalate concentrations. The

D values obtained from the three experimental techniques are in good agree-

-8 2
rent with one another. Moreover, the D value of 2.36 x 10 ¢m” /s which
wve obtained for pure bromine liquid at 23°C is in close agreement with the

8 cm2/s reported by Dowell and Badornﬂg%br near-saturated

D value of 2.45 x 10
bromine vaper at 30°C. Tcble &4 shows that D increases with increasing external
intercalate concentration.

Although the room temperature results support a diffusion-controlled model,
a study of the dependence of the kinetics on temperature is important for a

better understanding of the mechanism. For this purpose, the TTT-diagram

(Fig. 17) is of great value. as discussed beiow.

If we consider the reaciion of bromine with an nth stage graphite-bromine

intercalation compound to form an (n+l)st stage compound, we may write
k
£
Brz(s) + Brz(g)+ B C(n+l)8 Brz(s), (3

k
T

A Cn8

where kf is the rate constant for the reaction in the forward direction and kr
{8 the rate constant for the reverse reaction. Hence, the rate of the reaction

in the forward direction is

A
= 4
T¢ kf . c Br ‘Br (4)
n8
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and in the reverse direction
B

r =k @
r r C(n+1)8 Br2 , (5)

where rf = forward rate

& = activity of C
C“8 Br2 n

Br

8 "2

8, = activity of Br,(g)

C(n+l)8Br2 = activity of C(n+l)8 Br2

At equilibrium, the rate of product formation is equal to the rate of reactant

lost. Thus,

K, ar a,_ =k_a
f = )
Cn8 Br2 Br2 r C(n+l)8 Br2
Hence, the equilibrium constant K is
B
- kf _ 2
K _'E—— = ¢ n+1)8 Bry (6)
i aA a .
CnSBr2 Br2
Eq. (6) can be rewritten as
aA a
Cn8 Br2 Br2 -1=0 7
K
aB
Cn+1ye B72

Taking the activity of a solid as 1, the Eq. (6) can be rewritten as

K=1 (8)
eq ’
P
Br2

where the activity of bromine is taken as the bromine partial pressure at equilibrium
condition Asume that the reduced temperature (T/TC) and pressure (P/PC) are

small, since for Br,, Tc = 302°C and Pc = 126 atm.

At non-equilibrium conditions, the rate will be proportional to the deviaticn

from equilibrium. Hence,
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t t
v e (Pgit ) (ac 1] = (P;i - exp [AG ), 9)
2 RT
where PBCt is the actual Br vapor pressure.
T2
If we consider that the reaction is occurring within a solid, we can write the

proportionality constant as the probability of a jump across the interface.

Thus,
v = ulexp -IE\T] %g;t ~ exp|{AG , (10)
2 RT

where v = vibrational frequency of Brz, A = distance across the interface,

Ei = energy required to cross the interface.

Since the reaction is occurringwithin a solid, one also has to take into accounr
the diffusion rate. Since the TTT~curves (C-curves) are plotted as a function

of time, the appropriate form is

2
t =X X
X (11)

where x = distance of the reaction front from the sample edge, D = diffusion co-

efficient,

Consider the effect of temperature on the intercalation time. The intercala-
tion time is proportional to the reciprical of the velocity and the diffusion
coefficient. At low temperatures the diffusion coefficient is small and determines
the appearance of the TTT-curve. At temperatures where AG approaches zero,
the interface reaction controls the velocity and is responsible for the upper branch
of the C-curve. At intermediate temperatures (the nose of the C-curve), diffusion

is fast and there is still considerable driving force for the reaction. In this

region the velocity term again dominates but the velocity will be governed by

the jump probability and the bromine vibrational frequency. The most significant
term here is the vibrational frequency while the probability term determines

the temperature dependence of the C-~curve nose. An increase in the vibrational
frequency causes the diffusion coefficient to dominate the transformation curve up
to higher temperatures and the nose of the C-curve would move to shorter times.

In the probability term, a decrease in Ei would cause a blunter nose on the

v‘“



C-curve.
By using Eq.(11), TTT-curves have been calculated to fit the experimental
curves in Fig. 17, which shows the theoretical curves as dotted lines. The

theoretical curves were obtained with the following experimentally determined

values:
AH = - 10.9 kcal/mol )
AS = - 31.9 cal/mol K
for stage 2, and > (from prelimary P vs 1/T
phase diagram)
AR = ~ 10.6 kcal/mol
AS = - 30.0 cal/mol K/
for stage 3, and the diffusion coefficient
D=4.12 x 10° cm>  exp [—18.1 keal mofl/RT] (12)
(for thermograv§;:tric results during desoprtion)
E, was approximated by the energy for the movement of an interstitial, which

i
was estimated by Thrower and Loader as 692 cal mol-l (0.03 eV). The vl term

was taken as 10—5 cm/sec for fitting the experimental curve.

Experimentally there has not been much work done in determining the rate
controlling parameters involved in intercalation. Hooley et al 27:2%owe1130
and Ubbelohde31'3%ave investigated the effects of pressure and graphite struc-
ture on the reaction rate of bromine intercalation, but until rather recently
little other work has been done other than to establish conditions whereby a
given intercalation compound can be formed, which other investigators then use
with apparently small concern for optimizing the reaction conditions. None-
theless, some work has been done in investigating intercalation kinetics and,
in a related vein, thermodynamics involved with intercalation. Aronson et al.22
have determined a phase diagram for the alkali metal compounds based on elec-
17

trochemically determined enthalpies and entropies of reaction. Sasa et al.

have investigated the graphite-Br2 system and determined entropy and enthalpy




for the reaction forming second stage graphite-bromine from third stage. Metz
and Siemsgluss 3% in the case of FeClB, and Dowel]?% for Brz, HNO3 and PdClz,
have investigated rates of intercalation to determine diffusion coefficients.
Bardhan et 31.18’20 have investigated the kinetics of bromine intercalation

and interpreted their findings in terms of an interface-controlled reaction.

Flandrois et al.35

have investigated the kinetics of intercalation in the
NiCl2 system. Hamwi et al;.)'1 have elegantly followed the course of intercala-
tion of a graphite-potassium compound.

The overall results of these experiments can allow one to draw some
interesting conclusions. Diffusion appears to be quite rapid, based on measure-
ment in the case of Brz, HNO3 and PdClézi and suggested in the metal halide
compounds by the observation that a uniform intercalate concentration is established
in quite a short time in terms of the amount of intercalate which has been

absorbed 25 34‘3.5 In several cases, i.e., }11‘10336 , and K21, it is observed that

several stages are formed before the final lowest stage. In fact, in the study

of K, Hamwi et al. were unable to positively identify the highest initial stage
which formed. NiCl2 and Br217 have been reported to directly form the lowest
stage, 2, upon intercalation. Recently, reports have been made that in the
case of Brz, some higher stages are formed prior to the formation of the second
stage compound . In this work we have found that x-ray diffraction of the
inner, apparently unintercalated region does indicate the presence of higher
stages though x-ray absorption suggests that the amount present is very small.

In studies made on K21, FeClga , and NiCl 35, all the investigators came to

2
the conclusion that the reaction was controlled by processes outside the graphite,
probably condrnsation and adsorption of intercalate onto the graphite surface.

At the same time, the intercalate concentration within the sample remains fairly

uniform though steadily increasing with time as would be predicted by a reaction




whose rate is determined by a slow reaction rate step followed by a fast dif-
fusion step. In the case of bromine on the other hand, the intercalated region
is pronouncedly distinct from the unintercalated region. 1In the work at hand,
it also seems unlikely that the adsorption step is significantly slow given

the immersion in a liquid as compared to the vapor phase method used for K,

20 and FeCl3.

While several stages are present in the case of Br2 intercalation, a

NiCl

contrast should be made with the sort of progressive staging observeu 1in K.

In K, the staging is a rather deliberate situation, even to the extent of having
plateaus in the intercalate uptake versus time curves, which indicate that the
one stage has nearly saturated the sample before the next stage appreciably

has begun. Such is not the case for Br2 where a well-defined intercalate front
exists. Rather, welght versus time curves are smooth, and the concentration
profiles indicate the shoulders in the opposite sense, i.e., growth of the next

lower stage is evident well before intercalation of the previous stage is com-

plete. Furthermore the instances where a difference in stzge is pronounced

are those at high temperatures and low concentrations, instances where the
reaction rate of the lowest stage may be expected to decrease for thermo-
dynamic reasons. This is less clear in the case of low ccncentiations
since the diffusion rate is also decreasing as a function of concentration.
At high temperatures, however, the increase in the diffusion rate is quite
dramatic while the decrease in reaction rate for a low stage is equally
apparent. It may be pointed out that the shape of the C-curves, i.e.,

the sharpness of them, indicates that for most temperatures, the reaction

rate at the internal interface is considerable faster than the diffusion step.
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C. Intercalation of Graphite Fibers

Intercalated graphite fibers have recently received considerable
attention because of their use in polymer-matrix composites for high
‘o . . 37 .
electrical conductivity applicaticns The intercalation of graphite

fibers with HSO.F, Ast or SbF_. gave an up to 50 times increase in the

3 5

. L 38 . .
electrical conductivity . X-ray diffraction showed the formation of
stage 2 graphite-Ast in high modulus ex-PAN graphite fibers (eg. Union
' 39,40

Carbide TP 4104B). Formation of stage 1 giaphite-K in fibers was
. 40 } 40.4

shown by x-ray diffraction and the aopearance of the gold color. 0,41

Absorption of Br2 and ICl in graphite fibers was indicated bv weight

uptake measurement,

but confirmation of intercalation bw using x~-rav
X . 42
diffraction had not been reported. Warner et al. interpreted the
absorption as not being intercalation, but rather plasticization, whereas
. 43 ‘

Hoolev and Deitz interpreted the absorption as intercalation. Desorp:tion
of brominated graphite fibers resulted in a stable material having an
. ‘oo . o . . 40,44
electrical conductivity higher than that of pristine graphite fibers
Similar treatment with ICl gave an even higher value of the electrical

... 40 . : . -
conductivity In this work, we have obtained the first z-rav diifraction
evidence of intercalation of ICl in graphite fibers. Furthermore, we have
shown that the in-plane unitcd] of ICl-intercalated fibers is

the same as that of ICl-intercalated single crystal graphite or highly

oriented pvrolytic graphite (HOPG).

Szgthesié

The graphite fibers used in this work are listed in Table 5. Inter-
calation was carried out by exposure of the fibers to ICl vapor in equilibriunm
with ICl liquid at 95°C; this temperature was chosen for the ICl liquid

because ICl boils at 97.4°C. The purity of ICl was 95+%, as supplied by

Alfa Products. While the ICl liquid was held at 95°C, the fibers (tvpically

_




~1.0 cm long) were held at a temperature ranging from 100°C to 135°C. The
reaction vessel was made of Pyrex glass and was sealed without evacuation.

The intercalation time investigated ranged from 8 hours to 24 hours.

Staging and in-plane structure

X~ray diffraction was used to characterize the crvstal structural
effects of intercalation. The Transmission Laue method was used, with
MoK« radiation 2~7 a specimen-to-film distance of 6 cm. The intercalated
fibers were removed from the reaction vessel, cut to a typical length of
A2 mm, and then sealed in a glass capillarv of 1 mm I.D. and 0.0l mnm wall
thickness; this procedure took typically ~ 1 min. The fiber axes thus
had a preferred orientation along the capillary axis. The set-up allowed

° o

d-values ranging from 0.8 A to “6 A to be measured. The exposure time was

6 hr for every sample.

Figure 20 shows the x-ray diffraction photographs of the three tvpes
of pristine graphite fibers listed in Table & The Thornel P~100 fibers
zave the largest number of diffraction lines, as listed in Table 6. The
Celion GY-70 fibers gave fewer lines, but they are as sharp as those of
Thornel P-100. On the other hand, the Panex 30 fibers gave onlv a few
relatively diffused lines. Hence, the crystalline perfection of the
graphite fibers decreased in the order (1) Thornel P-100, (2) Celion 6Y-70.
and (3) Panex 30.

Figure 21 shows the x-ray diffraction photographs of (a) HOPG, (b) Thorael
P-100, (c) Celion GY-70, and (d) Panex 30 after exposure to ICl. The HOPG
sample was intercalated by exposure to ICl vapor ag room temperature for !
day, and resulted in a stage 1 compound (Fig.21 (a)); the indexing of the

diffraction lines is shown in Table?7 . All three types of fibers were
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treated identically by holding the fibers at 130°C and the ICl liquid

at 95°C for 8 hr. After the treatment, the Thornel P-100 fibers (Fig. 21(b))
showed superlattice diffraction lines, which were absent in Fig. 20(a).
Indexing of the pattern in Fig.21(b) showed that the intercalated Thornel P-100
fibers were predominantly stage 2. (The indexing of the pattern for stage 2
Thornel P-100 fibers is given later in this paper). The same treatment for
Celion GY-/u and Panct 30N fibers did not yvield any superlattice lines. It

should be mentioned that room temperature exposure of any type of fibers to

IC1 did not yield any superlattice lines, aithough such treatment of HOPG
resulted in stage 1. Thus, Figz.2l shows that the ease of intercalation of
the various graphite materials decreases in the order (1) HOP(G, (2) Thornel
P-100, (3) Celion CY-70, and (4) Panex 30. In fact, no diffraction evidence

of 1C1 intercalation was obtained for Celion GY-70 and Panex 30 fibers,

although intercalation was clearly shown for Tiornel P-100.

Figure 22 shows x-ray diffraction patterns of intercalated Thornel P-100
fibers after various lengths of desorption time (0 min, 10 min, 2 hr, 1 week).
Intercalation was performed by holding the fibers at 130°C and the ICl
liquid at 93°C for 24 hr. Desorption was allowed to occur in air at room
temperature. Fig. 22 (a) shows the pattern obtained after a negligible length
of desportion time (0 min); the indexing of this pattern is shown in Table 4.
Note that the second stage (00.) type lines were observed for 7 = 2,3,5,6,8,9.
The (001) line was not observed because its large d.value caused it to be
blocked by the beam stop. The absence of (00&) lines for £=4,7 is probably
svstematic due to the space group, which is presently not known since the
positions of the intercalate molecules within a unit ﬁell has not been
determined. 1In addition to the (00-) lines, (hkO), (h0%) and (Okf) lines were

observed. The in-plane superlattice was thus found to be the same as that of




stage 1 graphite-ICl based on single crrstal graphite. The in-plane unit
cell of stage 1 graphite-TCl as determined by Ghosh and Chung bv single
crvstal x-rayv diffraction is shown in Fig. 23. The unit cell is monoclinic
and commensurate with the graphite lattice, with in-plane lattice constants
° ]
a=4.92 A, and b=42.68 A, and the angles ==23=90° and v=93.3°. Desorpticn
resulted in a gradual decrease of the intensities of the superlattice lines
without shifting anv line. This means that the initial stage (stage 2) was
maintained during desorption. The presence of superlattice diffraction
lines even after a week of desorption indicates that (1) desorprion ot
intercalated fibers results in a material vhich is still intercalated, and
(ii) desorption of intercalated fibers occurs over an appreciably long tine.
v lowering the sample temperature to 100°C, with the TCH liquid

maintained at 95°C, stage 1 graphite~ICl (mixed with small quantities of

stages 2 and 3) was obtained in Thornad ?-100 graphite fibers. Although wo
were uble to obtain relatively pure staze 2, we have not vet been uble to

obtain pure stage 1. The in-plane superlattice of stage 1 was also found to

be the same as that shown in Fig. 23.

The ICl intercalation method used in this work is based on the two-bulb
L . 46 .
method developed for potassium intercalation. In contrast, previocus woerh
on intercalation of ICl in fibers involved exposure to ICl vapor at room
42,43 | . B N I

temperature. We have found that the two-bulb method used in tiiis work
gave graphite-ICl of specific stages, whereas room temperature exposure
to ICl did not lead to superlattice formation.

The easv of intercalation was found to increase with increasing crystal
perfection of the graphite material, such that the crvstal perfection de-

creases .n the order (1) HOPG, (2) Thornel P-100, (3) Celion GY-70, and

(4) Panex 30. 1In fact, Thornel P-100 was the only type of fibers which




could be intercalated with ICl using our method, as indicated bv the super-
lattice formation. Note that we consider superlattice formatiocn to be
conclusive evidence for intercalation. In this work, the first such evidence
was obtained for the intercalation of ICl in graphite fibers.

Of significance is that we have observed for the first time in-plane
intercalate ordering in intercalated graphite fibers. Moreover, we have

found that the in-plane unit cell of stage 1 and stage 2 ICl-intercalated
. . . . } ...
fibers is the same as that of stage 1 graphite-ICl single crvstal grapnite

and that of stage 1 graphite-~ICl HOPG. In addition to the in-plane super-
lattice, staging was observed.

The Transmission laue method used in this work was found to be more
suitable for fiber material compared to the Debve-Scherrer method and the
diffractometer method. This is becausce the preferred orientation of the
fibers results in incomplete Debve rings, which might he missed by the 1iln
in the Dehve-Scherrer method.  Moreover, the need of a small sample guantity,
the availabilitv of thin-walled canillaries for sealed samples, and the
nossihility of a long exposure time make the Transmission Laue method rmore

attractive than the diffractometer method.

Density and Stoichiometry

Density measurement provides a good determination of the intercalate
concentration and is superior to weight uptake measurement, which is unreliable
for fibers due to their low density and small size. The intercalate concentra-
tion is related to the stoichiometry. Of interest is the comparison between the
stoichiometry of intercalated graphite fibers and that of intercalated single

crystals of the same stage.
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The density of graphite fibers before and after intercalation was measured
by allowing the fibers to float in an agueous solution of CSZSO4 of the appropriate
matching specific gravity.a7

A supersaturated solution of CSZSOA in distilled water was prepared and
allowed to stand overnight to precipitate out any extra salt. 100ui of this
solution was placed at the bottom of a centrifuging tube. The remaining solution
was diluted to 90% of its original density by adding an appropriate amount of
distilled water. Then 100ufof this solution was placed on top of the previous
liquid without disturbing the previous liquid. TFour successive lavers were
placed on top of each other, with similarly decreasing densities. Then the
fibers, very finely cut, were added to the tube. Upon centrifuging at 90000 r.p.m.
(190,000 g~force) for a few hours, a density gradient was set up in the tube,
with the fibers floating in the tube and their position determined by their
density. A very small quantity of liquid ("5:%) was withdrawn with a micropipette
from the region where the fibers were floating. Its refractive index was
measured and the density was read off from well established tables of refractive
index vs. density for CSZSOA'

The refractive index of the drop of liquid could be measured ito quite a
good accuracy (three significant digits). The biggest source of error was in
the visual judgement of where the fibers were floating in the tube, which was
4 mm I.D. and 2.5 cm long. The fibers floated in a range of ~4 mm, mainly due
to variation in the density of fibers as supplied. After intercalation, an
added problem arose. If the fibers were cut up very small, they tend to
deintercalate faster, thus affecting the density. TIf they were cut up in large
pieces (v2-3 mmlong), one would have an uncertainty in position added to the
already existing variation in density. Moreover, a long stay in an aqueous
medium affects the water, coloring it brown and changing the composition, due

to deintercalation, thus affecting the reliability of the tables of refractive

e —————————————————————————————————
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index vs. density. Therefore, the above procedure was used to obtain a rough
upper bound on the density, whereas a different procedure was used to determine
the density more accurately, as described below.

A solution of C82504 with a density corresponding to the upper bound
obtained by the previous method was prepared. A quantity of 1000 3 of the solution was
placed in a small test-tube and the sample was floated on the top of the solution.
Then lOuR quantities of water were added step-by-step and the whole liquid was
stirred by a vibration pad after each addition, until a large number of fibers
went into suspension. For example, after adding 30uf, most of the fibers were
still floating on top. After adding 40ul, a substantial amount of fibers went
into suspension. Thus two bounds in the density were obtained. Let initial

upper bound = ;, Then the density ©¢ijpers Of the fibers is given by ,

max.
1000 > P > P x 1000
®max * 1030 fibers - max = 755

The accuracy obtained in o, was 0.5%, if any density change due to de-
fibers
intercalation was disregarded. (The effect of deintercalation is expected to
be small, since it takes about 5 minutes to finish the operation.)
Another source of error was due to the autopipetting instrument used.
When measuring quantities as small as 10u%, it had an error of fO.lui.
However, this amount ;5 added to ~1000uf of solution, so this error is insignifi-
cant.

The maximum density measurable by this methed is 2.3 gm/cc.

Shown in Table 9 are the densities measured on Thornel P-100 graphite fibers
intercalated by keeping the ICl reservoir at 95°C and the sample at 120°C. This
combination of temperatures gave a final stage of 2 (essentially pure) after
24 hr of intercalation, for which the density corresponded to a stoichiometry
of C19.21C1 This stoichiometry corresponds to a lower intercalate concentration

than the calculated graphite-ICl (stage 2) stoichiometry of C17 81C1. suggesting




the presence of regions not completely intercalated, perhaps due to the imperfect

graphitic structure in the fibers.
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Table 2 Stage evolution during intercalation for two representative
external intercalate concentrations

Mole

Fraction

Stages Present

Br2 in BrZ - Time Perce?t .
cel, (hr) Edge Center Weight Gain (q)

15 3¢ 6| 34 g 20

24 234 G |234 G 23

34 234 G6|234 ¢ 27

64 234 234 ¢ 34

0 114 234 234 ¢ 42
140 234 234 ¢ 46

210 23 234 G 55

308 23 23 o

356 23 234 66

663 2 23 77

1182 2 2 o1

40 A &g 16

“6 4 & L5 17

63 4 ¢ 456 18

%6 34 G 4586 19

0.2 119 345 456 24
163 34 345¢6 27

311 34 3456 34

355 34 3456 35

667 34 34 43

1812 3 3 53
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Table 3 Stages present after 468-689 hr of intercalation for various
external intercalate concentrations at 23°C.

Mole fraction Final Stages Present Percent Weight Time

Br, in Br,- Stage Edge Center gain (Aw/wi)

cct,
0.05 / 4 G| 5 468
0.10 4 45 4 % 26 491
0.15 3 34 34 G / 689
0.20 3 34 34 43 667
G.25 3 34 34 45 666
0.30 3 3 34 50 663
0.40 2 23 23 63 662
0.50 2 2 23 77 663
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Table 4 Diffusion coefficients for liquid-phase bromine intercalation

at 23°C
‘}‘iiiuon Diffusion Coefficient (10™ cm>/s)
Brz in
BrZ-CClA Optical Microscopy X-ray Absorption Weight Increase
|
- 1.00 23.6
i 0.80 26.4
l 0.65 17.2
i 0.50 10.83 13.14
} 0.40 9.18 8.24
0.30 6.75 7.59
E 0.25 6.35 4.28 5.06
0.20 5.00 4,44
0.15 2.78 3.25
6.10 1.67 2.68
0.05 0.213 0.250




Table 5 Specifications of Graphite Fibers Used

Manufacturer Union Carbide Corp.,Stackpole Fiber Co.{Celanese Corp. {
Grade Thornel P-100 Panex 30 ‘Celion GY-70 }

Grada VS-0054 , l |
Precursor ) Pitch PAN fP..\_‘( !
Tensile modulus (10° psi) 100 32 (75 :
Tensile streagth (107 psi) 0.325 0.375 10.27 |
Density (g/cm”) 2.16 1.74 11.97 |
Electrical resistivity (10~“Z-cm) |2.5 ] 16.5 i

|

| |




e L —

Table 6 X-ray diffraction lines obtained from pristine graphite fibers
(Thornel P-100)

Line No. dobs (R) d..1 (R) h k 2 Strength
1 3.38 3.35 0 0 2 S
2 2.11 2.13 1 0 0 M
3 1.69 1.68 0 0 4 S
&4 1.23 1.23 1 1 0 Diffuse
5 1.17 1.15 1 1 2 Diffuse
6 1.13 1.12 0 0 6 bt




Table 7 X-rav diffraction lines obtained from stage 1 graphite-ICl based

on HOPG
Line No. d (;) d (;)(Stage 1) hki (Staze 1) Strength
obs cal h K N
1 5.32 5.33 0 8 0 W
2 4.86 4.89 1 0 0 VS
3 4.35 4.35 1 4 0 N
. 4.07 4.02 1 0 1 W
5 3.54 3.53 0 0 2 VS
) 3.38 3.42 0 3 2 i
7 3.19 3.16 0 6 2 W
3 3.09 -- - - -- VT
9 2.95 2.86 1 0 2 M
) 2.62 2.62 1 6 2 M
il 2.49 2.45 2 0 0 N
12 2.33 2.35 0 0 3 S
13 2.18 2.138 2 8 0 W
14 2.12 2.13 0 20 0 M
3 2.03 2.064 2 1 1 W
6 1.93 1.94 2 5 2 Uiy
17 1.87 1.22 2 1 2 W
13 1.78 1.74 0 0 4 v
9 1.65 1.63 3 0 0 N
20 1.56 1.5% 2 1 3 Diffuse
21 1.47 1.43 3 0 2 u
12 1.26 1.6 2 1 4 Difrusc
23 1.32 1. 34 3 0 3 W
24 1.13 1.14 0 0 6 S
23 1.14 1.14 ] 0 6 M
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Table 8 N-rav diffractions lines obtained from grashite fibers intercalated

with ICl bv holding the fibers at 130°C

! ] ',

| °o ° )
: Line No. | eobs (A) E dcal (A) (Stage 2) ! hk? (Stace 2) ' Strength i
f. | *. | n |y P
§ | : | |
S 3 s.30 | 5.20 o o | 2w
T o 4.80 4.89 S R o S
? 1 ! ;
b3 w5 4.26 .0 |10 o | N
, 4 : 3.89 ' 3.92 | o {10 ! 1 W
5 L343 3.45 L0 b3 vvs
{ ) i i
: 6 . 2.86 2.83 S | L3
; : ‘ | !
7 L2013 2.13 o0 {20 | O S
. : ! \
3 i 2.07 ; 2.07 L0 o 5 : g
. ; ) i '
L9 P18 1.82 "o l0 | 3 Diffuse
L) 173 1.7 to |0 6 W
o o100 1.70 Cw |3 e
12 bo1.63 1.63 to3 |0 o i
‘ ! ’:
13 L 131 1.30 L0 19 g W
14 ; 1.26 1.26 b2 1 8 N
! l
13 Po1.23 1.23 Loy 3 o S
| ' i t
A x 1.16 ; 1.16 o 0 9 W
; . ! - i
17 112 1.11 B L W
18 { o o.09 | 0.99 e o 4 .
. | |
| | i ‘
. . | .
e e~ - — —e e ! —_ L S,

“eatative (hho) assiznment




Table 9 Density of Thornel P-100 Graphite Fibers before and after Intercalation

Density (gm/cc) Stoichiometry
[ Pristine fibers 1.82 + 0.01 /
Experimental } After 6 hr of 1.94 + 0.01 * /
Y intercalation
After 24 hr of 2.01 +0.01 * C. IC1
) . - 19.2
\ intercalation
Pure graphite 2.27 /
Theoretical 1 o\ 0 2 2.591 c,, gIcl

graphite-IC1

* Lower bound values due to slight deintercalation

t+ Calculated by assuming that the unit cell in Fig. 23 contains 9 ICl

molecules, so that the stoichiome&;y for stage 2 is C17 IC1.
(According to Turnbull and Eeles, the stoichiometry 6§ stage 1
is about CgICI.)




Fig. 1

Fig. 2

Fig. 3

Fig. 4

Fig. 5

Fig. 6

Fig. 7

FIGURE CAPTIONS

X-ray diffraction patterns of stages 2, 3 and 4 prepared by immer-
sion of graphite in Brz-CCl4 solutions. Each diffraction peak is
labeled by the 2 index of the (00%) Miller indices. An expanded

(00n) peak for each stage n compound is offset to the right of the

diffraction pattern.

X-ray diffraction patterns of stages 2 and 3 obtained by immersion

of graphite in liquid bromine at 20°C and 105°C.

X-ray diffraction patterns of graphite prior to iIntercalation and
after intercalation to stage 4 by immersion in a 50 mol 7% Br2 Br7—CC14

solution at 105°C.

In situ optical micrographs and schematic surface profiles of a

sample after different times of intercalaticn at room temperature.

Width of the deformed region behind the intercalate front versus

time during intercalation.

Width of the deformed region behind the intercalate front versus

the square root of time during intercalation.

X-ray absorption profile and x-ray diffraction pa+terns of the
edge and center regions obtained with CuKa and MoKy radiations
after 297 hr of room temperature intercalation in liquid bromine.
Each diffraction peak is labeled by the 2 index of the (00%)
Miller indices, with the subscript indicating the stage (G indica-
ting graphite) and the superscript, if present, indicating the

KQI,KGZ or K8 component.




Fig. 8

Fig. 9

Fig. 10

Fig. 11

Fig. 12

Fig. 13

Fig. 14

53

Percentage weight increases versus the square root of time during
room temperature intercalation in BrZ—CCIQ solutions of various

Br2 concentrations.

X--ray absorption profiles and x-ray diffraction patterns of the
edge and center regions at different times during intercalation

by immersion in a S0 mol % Br2 Br7—CC14 sclution at room tempera-

ture.

X-ray absorption profiles and x~ray diffraction patterns of the
edge and center regions obtained after 600 hr of intercalation
in various constant concentrations of Br,)—CCl4 solutions at room

temperature.

Time-concentration-transformation (TICT) diagram, showing the times
for a given stage to start forming and to finish forming for
varioué external intercalate concentrations. The phases present
are indicated by the stage numbers and the symbol G for graphite.
The horizontal scale indicates the time divided by the square of

the width of the region behind the first front.

X-rav diffraction patterns obtained after 2 hr of intercalation

in liquid bromine at various temperatures. The final stage was 2.

Relative integrated intensities of the stage 2 (003) peak and the
stage 3 (004) peak after 2 hr of intercalation as a function of

temperature. The final stage was 2.

Superlattice x-ray diffraction peaks obtained at the region behind
the intercalate front after 2 hr of intercalation at various
temperatures. A: 72°C, B: 81°C, C: 90°C, D: 100°C. The final

stage was 3.




Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

15

16

17

18

19

20

21

X-ray absorption profiles obtained after 2 hr of intercalation
at various temperatures. A: 72°C, B: 81°C, C: 90°C, D: 100°C.

The final stage was 3.

Relative integrated intensities c? the stage 3 (003), stage

4 (004) and graphite (002) K3 peak after 1 hr of intercalation
as a function of temperature. Stage 3, stage 4 and graphite are
indicated by 3, 4 and G, respectively.The contribution due to
the edge region is shown by the solid bars; that due to the

center region is shown by the empty bars.

Time-temperature-transformation (TTT) diagram showing the times

for a given stage to start forming and to finish forming for
various isothermal temperatures. The phases present are indicated
by the stage numbers and the symbol G for graphite. The horizontal

scale indicates the time divided by the square of the width of

the region behind the first front.

The square of the width of the region behind the first front
versus time during intercalation for various external intercalate

concentrations.

The growth rate (slope of Fig. 9) versus the external intercalate

concentration.

X-ray diffraction patterns of pristine graphite fibers: ‘a)
Thornel P-100, (b) Celion GY-70, (c) Panex 30.
X-rayv diffraction patterns of (a) HOPG, (b) Thornel P-100,

(c) Celion GY-70, and (d) Panex 30 after exposure to ICl.




Fig. 22 X-ray diffraction patterns of intercalated Thornel P-100 fibers
after various lengths of desorption time: (a) O min, (b) 10 min,

(c¢) 2 hr, (d) 1 week.

Fig. 23 In-plane unit cell of graphite-ICl (After Ref. 9)
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. Summary

By x-rav diffraction. exfoliated graphile—Br: was found 1o exhibit the same in-plane
superlatiice ordering 2s intercalated graphite prior to exfoliation. This ordering persisted even
after healing for an hour at 1700°C. By dilatometry, a single exfoliation event was found 1o
consist of multipie expansion spurts, which occurred at ~150°C and ~240°C for first
exfohiation, and ~100°C and ~240°C for subsequent cvcles. The amouni of cxpansion was

found to increase witl. decreasing intercalate acuvily during intercalation. Wiih exfohzuion

cvcles 1o higher lemperatures or longer umes. the amoun! of residual evpznsion &fler the
collapse on cooling increased uniil no second exfoliation was observed on reheauing. Duc 10
‘nlercajale cesorpiion. the amount of expansion for concentraied samples ingreased with
increasing sample width: desorbed sampies showed little width depengence. ACouslic emission
was ohserved hefore appreciable expansion during the first exfoliaion cycier 11 was not

opserved during the collapse or subsequent exfoliation cycles. A model of exfoliziinn mvolving

1ntercaizie islarnds is proposed.
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Introduction

When 1ntercalated graphite is heated past a critical temperature. a large expansion along the
c-direction occurs. eiv:ng the compound a pufled-up appearance. This phenomenon 1s known

as exfoliation.

Brozklchurst' observed by dilatometry that desorbed graphue-Br: based on polverysizlline
artificial extruded graphite began exfoliation at ~300°C upon neating. resullung 1n an expansion
of up 10 ~2.1 % at 500°C. Bv similar cilalometlric mcasuremen: on cesorzed graphue-Br:
baseé on prrolvtic graphite. Martin and Brocklehurst”™ found that

1. first exfohiation occurred at ~170°C upon first heating,

subseguent exfoliation occurred at ~120°C in subsequent healing cvcies.

[ ]

3. collapse occurred at ~110°C upon covling,

second and sussequent exfoliation cyvcles were reversible,

I

5. expansion was up 1o 380 S at 3M°C,

6. the exfoliation temperature increased lineariy with increasing load.
In contrast 1o the relatively small amount of evpansion observed by Maruin and Brocklehurst
Ubbcionce’ observed an expansion of ~1000 % at 350°C fer graphnc—Br: based on well-
oricnled  graphite. By using differenual thermal analvsis. optiical microscopy and gaseous
prcaomelry. Mazicres el al.® found that desorbed graphue—Br: based on pyrocarbons underwen!
first exfoliaion at 160-200°C on heaung. second exfoliation at 100-120°C on heaung. and
coliapse at 70-100°C on cooling. Furthermore. they found that thermal cychne decreased the
cexfoiiation tendency progressively and that this effect was more pronouncec when the heating
was carried outl 1n air. Mazeres et al.”’ observed irreversible exfoliation aiter heating desorbe?
graphilc—Br: tased on pyrocarbons to 1000°C and cooling in an argon atmosphere. n
addition. they dcmonstrated that it was possible to intercalate the irreversibly exfoliated

malcrial.

O:her than grephile-Br. exfoliation had also been obscrved in graphite~ferric chloride'.
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graphite-aluminum chloride’. and graphile intercalated with a mixture of mitric and sulphuric

acids .

The iencency for exfoliation depends on the extent of stacking order of the graphite basal

pianes’. Dowell® showed that possession of a basal plane stack height, L. grealer thon ~72¢ A

2

was necessary for exfcliation.

The evfoliation phencmencn is of lechnoiogical imporiance as well as szientfic anterest
The exfoliation of graphite-ferric chlorice has been used to meanufacwre Grafoil *. & migh
lemperature thread scalant tape.  The exfchauon of graphz:e—H:\'OE—H:SO; has beern used for
making 2z thermal insulator for molies metals’.  The exfoliztion of graph:lc—FcClE—.\'H___ na
sed for maling biankets for the extinction of metal fires’s. In addiilon. exfoizied

graprile 1s being nvestigared by . ¢ US. Army for use as a battiefeid obscurant’’.  Tie

suriate grea increase resulting from irreversible exfoliation 1s atlractive for catelviic apphizauons
of grapnile inlerszizlion compounds t. In addinon. exfoiialion is a phenomenon lhal affclls
the thermal s:izbiny of grephite interczlation compounds. s¢ undersitanding o0 lhis phenomenon

1s necessaty for the use of graphite inlerczlatinn compounds at elevated temperaiures.

We rave renorted that the exfolizuon tehavior depends more sirongly on ke parent inilic.
] Y- - € o ernla - te - \ - hWifp=Rr 15 h nmor Iremem et vy
slege 1han on the snlerczlale coneentralion in graphile~Br . This paper sursporls s
comtention end offcers further nsicht into the exfoliation prozess.  The hev aissues which are
adcressed irciuce the following Is exfoliated graphite ntercaiated? How reversidie s
evfolhauonT  How can the reversibility or arreversitibity of exfoliation be contronied”  What s

o e e f P R Ve Lo
e MCInEnIsT 00 CA{QuIclion.

In tmis wors., we have used dilatomelry te investigate  the dependence of muluple
exyfosation and collapse on
1. the stage,

the snic-caiaic conceniration,




3. the

4. the

§. the

6. the
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1ntercalaiion temperature.
annealing time and temperature after the first exfohation.
sample size,

mnlercalate sparies.

articular atlention was given 1o the reversibility of exfohation. In addihon. acouslic emission

was used 1o invesiigale the nature of the exfoliation process and x-ray c:firziuion was used 10

study the crystal siructure of the exfoliated material

The

[

Exfoliated grazphite exhibits the same in-plane superiatlice ordering as interce
grathile prior 1o exfoliatton. This ordering persists even after heaung for an hour

t PR

main fincings of this work are the foilowing

at 1700°C.

2. Acouslic emission was observed before appreciable expansion during the st
ex/obiation crcle. 11 was not observed curing the collapse or subsequent exfohation

cycles.
3. A single exfoiialion event consisis of multiple expansion spurls. whith ogcur 2!
. ] . . . AT
~150°C ané ~240°C for first exfoiiation. and al ~100°C and ~2+0°C for
subsequent cvcles.
4 The expansion was found to increase with decreasing intercalate acuvity during

intercaiation. such that it increased wilh decreasing Br_ concentration in the Br -CCl
sortuon and with increasing interczlalion lemperature, - i

of

S Wtk exfoliztion cveles to higher temperatures or longer anncaling times. the amount

res;dual  evpansion after the collapse on cooiing increased unlii no seconc

enfoisation was observed on rehcating. ie.. exfoliation became 1rreversible.

6. Due
5100

10 inlercalaie desorplion. conccntrated intercalated graphile shows more espan-
after first cxfolizuion than afier second exfoliabon. However. desorped

\ntercalated graphiie shows less expansion after first exfolhiation thar after second
exfciiation.

7. On
of

dec

8. Duc

rencated cufoliation cycles. concentrated samples show a decrease 10 the amoun!

¢vpension duc o desorplion durxnv exfoliation. while desorbed sampics show litlie
rcase in the amount of exfoliation.

o 1nlercaiate desorption, the amount of cxpansion for concentraied samples

increases with increasing sample width.  However, desorbed sampies show hitule width
dependence,
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Experimental Techniques

Samples were prepared from highly oriented pyrolviic graphite (HOPG) kindly provided by
Union Carbide Corporation. Mos! samples were cut 1o a size of 4mm x 4mm x 0.5mm and
then placed in liquid bromine for intercalation. Samples which were intercalated above room
temperature were placed 1n a constant lemperature bath. Times of the order of a minute were
required 1o place a sample in a sample holder. add bromine. seal the sample hoicder anc place
1t in the water bath. A similar amount of ume was necessary to remove the sampie {rom the
bath. quench 1t o room temperaiure. and remove the sampie from the bromine. Fourth siage
sampies were prepared by placing the samples in a 1S moi% Br. bromine-cartorn teiracniorice
so.ution. A 12mm ¥ 12mm x lmm sampie of graphite was intercalated in pure tromine for
Intercalation o second stage and was then cleaved and cut 1o produce 7mm x “mm. Smmo
Smm and 2mm x 2mm samples. Desorption of the lamellar compounds wes ailowec lo oIctur
1In a:r or nirogen. Stege 1 graphile-ICl was prepared by immersion of HOPG in ICI licuic a:

rocm lemperature.  The stage was characterized by x-ray diffracuon using Cu Ke radizuion.

Exfoliation was followed with a probe connecied to a linear vanable differental transcucer
(LVDT). The sampie temperature was measured by a Pi-=Pt 10% Rh thermocoupie pead in
contac: with the sample. A heating and cooling rate of 20°C/min was used ir the exfolalion
cveies.  The weight of the probe on the sample was 2§ grams. The samples were purged wilh

nitrogen gas i the presence of air during the measurements.

Atousuc emission during exioliation was delected by using an ultrasomic 1.6 MHz narrow

Bar¢ transcéucer (Acrolech Gamma) eguipped with 2 high temperature delav linc The

—

ransducer signal was ampiificd and the acoustic emission pulses were counted by using 2
freguency counter.

Experimcental Results

The c¢ffczi of cxfohation on the ntercalate superlatice was nvestigated by a~rav

d:'frecuon. The Trensmission Laue Method was used. with Mo K | radiation and a speaimen-

o-fim distance of 6 ¢cm. The HOPG samples were orienled o vield mzinly the (hi0) in-




plane diffraction lines. The sct-up allowed d-values ranging from 0.8 A 0 ~6 A 1o be

measured. The exposure time was ~12 hr for every sample.

Figure 1 shows x-ray diffraction patlerns obuined on graphite-Br: (i)after desorption from
saturation and before exfoliation. and (ii) after exfoliaion carried out at ~300°C.  The
indexing of the diffraction lines are shown in Table 1 for these samples as well as prisiine
graphile and graphite~Br: exfoliated at 1700°C. The in-plane superiaitice was the same as tha!
of siuage 2 graphite-Br: based on singie crystal graphite. as deterrmned by Ghosn and Chung ©
The unit cell is monoclinic and commensuraie with the graphite laluce, wilh in~plane laitce
constants a=4.26 A. b=8.87 A. and the angles c=/=90° and )"—'103,904 ue 1o the mechanical
deformation resulling from exfoliation. the diffraction pattern was closer 10 2 powder patlern
after exfoliation. as indicated by 1he complete diffraction rings obtained after exfoliiziion
(Fig.1). For the same reasor. certain (hkl) lines not observed before exfoliation were observed

afterwarc,

Figure 2 illusirates the general features of exfoliation which we observed in graphite-Br,
by dilatometry. The sample had been desorbed from 6.3 moi% Br_  (stage 2) 1o 1.6 mol% Br:
prior 10 heating. During the initial part of the first heating cycle. expansion occurred very
slichtly though with a thermal expansion coefficient several times that of graphite.  Eventualiv
the sample exfoliated within a relatively narrow temperature range. We have delermined a
first onsel licmperature (T] for the first exfolialion c_vclc.T: for the sccond cycie) by
extrapolating the line of exfoliation expansion and tlaking 1ls intersection with the horizontai
basc line. The expansion ratec diminished to form a shoulder (first shoulder) = the curve. and
thern increased again to form a second shoulder, as shown in Fig. 2. w..... .c second shoulder
of the first exfohation cycle is Jabeled. No shoulders were observed at higher temperatures up
to €00°C in graphilc-Brz. Wec designate the fractional expansion at the first shoulder as E:

for the first cyvcle and E_ for the sccond cycle. as determined by the intersccuion of the hinc

of cufoliation cxpansion and the expansion linc ai the shoulder. The second onsct temperaiture
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and the fractional expansion at the sccond shoulder are illustrated in Fig. 2 for the first
exfoliatton cvele. On cooling. a large degree of hysleresis was evident. with contraction of the
exfoliated structure occurring predominantly within a narrow lemperature range. resulling in 2
small residual fracuional expansion. EC. We designate the coliapse lemperature T‘ as the
temperature determined by the intersection of lines extrapolated from the contraction region
and the linear region of the curve on cooling prior 1o collapse.  On reheating. second
exfoliation occurred at about the same temperature at which collapse occurred during cociing.
lLe., T:=Tc. It is interesling to note that while T2 and T: were quile separate. the second
shoulder was obscrved at about the same temperaiure in any exfoliatlon cycle.  The coilapse

behavior was largeiv the same for any exfoliation ¢ycle.

The exfoliation behavior of a first stage graphite-1Ci 1s shown in Fig. 3. In general the
exfolizion curve 1s much like that observed for graphile—Br:. The main difference is that the
exfoliation onsel lemperature Tl of graphite-1Cl is approximalelv the same as the coilapse
ilemperature T: and the second exfoliation tlemperatures T:. whereas in graphite—Br:. T; 1S

gencralls higher than T.. It may also by poinied out that T_ in graphite-IC! is about 100°C

-

higher than that of graphite-Br_ .

In comparing Figures 2 and 3. il can be seen that the amoun: of expansion which occurred
during sccond exfoliation of graphite-ICl was considerably less than that which occurred in
graphue-Br:. This i1s probably not an attribuie of the interczlate species. but raiher a
conscquence of the amount of desorption which had occurred during first exfoliation.  While
the graphite-ICl sampie was a saturated (first stage) compound just before exfolialion was
begun. the grapmle—Br: sample was a desorbed sample prior to exfoliation. Therefore.
desorption was much more significant during first exfoliation of the graphite-IC! sampic than

the graphite-Br_ sample. Thce dependence of exfoliation on desorption is given later in this

paper.

Figure 4 illustrates the dependence of expansion on the number, N, of exfohation cveles




for grephite-Br, samples which were. in one casc (open circles). allowed 1o desorb from a
second stage parent compound to 1.5 mol% Br: before exfoliation and. in the other case (closcd
circles). not allowed 1o desorb before exfoliation (i.e., the second slage parent compound). The
fractional expansion at the first shoulder (i.c..Er;, where N is the number of exfoliatien cycles)
was plotted zgainst N. All samples were 5 mm square. At the end of five exfoliation cycles,
each carried our to 290°C. the partially desorbed sample had further desorted 1o 0.7 mo!%
Br:. For the desorbed sample. E: was grealer than El. and there was onlv a sligh! decrease
from E: 10 E_(. For the second stage parent compound, the bromine concentration varied from
6.3 mol% Br. before the first exfoliation run to 0.6 mol%: Br after the {ifth exfoliation cvcie.
each carried out to 340°C. In this case. the expansion behaved as migh! be expected.
i.e..Ex>E:>E3>E;>Ej. In general. we observed E]>E: when samples were exfoliated withong
rior desorption. and E)(E: when samples were allowed to desorb 10 an approximalely constan!

weight before exfoliation.

The exten! of desorpuon during each exfoliation cvele was measured by gravimetry. The
results are shown in Fig. 5. where the intercalate concentration (in mol% Br} was plotied
against the square root of the number. N. of exfoliation cvcles. The sampie had been

desorbed {rom sccond stage to 1.4 mol% Br: prior 1o exfoliation. The greatest weight loss
occurred during the first and second exfoliation cycles. with the concentration decreased from
1.4 to 1.2 mo!% Br: after the first exfoliation and from 1.2 10 0.9 mol% Br: after the seconc
exfohiation. A similar loss. from 0.9 to 0.7 mol% Brz required seventeen additional exfolialion
cveles. It s this region from N=2 to N=19 which is shown in Fig. 5. The concentralions
after cvcies 0 and 1 are not shown because thev are too far from the succeeding
concentrations.  The line drawn 1s a lcast square fit of the data with a correlation coefficient
of -0.96. Thec dcpendence on \/\ sugeests that the weight loss may be trcated as a diffusion
process with an exfoliation cycle being analogous to a unit of desorption time. The cffeciine

overall diffusion coefficient during an cxfoliation cyele is probably an average of the diffusion

cocfficicats within the temperature range covered by the exfohation cycle.
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Figure 6 shcows the dependence of El on the sample vidth {the dimension perpendicular to
the c-axis) for samples which were initially second stage. The filled circles correspond to
samples which were not desorbed prior to exfoliation. and the open circles correspond 1o
samples which were allowed to desorb to ~1.5 mol% Br: before the exfoliation cycles. The
sampies were all square and of approximalely the same thickness. For samples which were no:
allowed 1o desorb. I—Z1 increased as the widith of the sample increased. The sampies which were
allowed 1o desorb cid not show this size dependence. Consequently we atiribute the apparent
width dependence 1o be actually a concentralion dependence. which s apptaning a5 2

consecguence of desorption during the previous exfoliation cycles. This point 1s ciscusse 1n the

nest section.

Figure 7 illusirates the effect of the maximum temperature on the exfolizlion behavior
Plot A in Fig. 7 shows dilatometric results obtained during two exfoliation cycles carried oul io
~200°C:. Plot B was obuained during two cvcles carried out to ~400°C: Plot C was obtained
during two cycies carriec out 1o ~600°C. The main trend indicated in Fig. 7 is that E (the

restdual fractional expansion) increased as the maximum lemperature increased. Figure § shows
simiiar effects due to isothermal annealing at the maximum lemperature during the firs:
heating. Contraction was observed during anncaling. After annealing for 0.5 hr at ~600°C.
the fraciional expansion was only 90 S of the initial 600°C expansion: after a one-hour
anncal. the fractional expansion was 80 % of the initial 600°C expansion: after a 3-hour
anncal. the fractional expansion was 70 % of the initial 600°C expansion. However. no
contraction was observed in samples anncaled at 200°C or 400°C. It should be noted that a
sccond cxfohation was nol observed in the samples anncaled at 600°C.  The results of
arncaling at different temperatures for various lengths of time are summanzed 1 Tabic 2.
where E‘ and E: are listed relative o E] 1o lower the effect of the crror in measering the
imiual sample thickness. Whercas E‘/E) 1s affccted by anncaling. E:/El arpcars 1independent of
anncaling. While most of the data were obtained at heating rates of 20 C/min. several runs

were made at 10 C/min and 40 C/min. Within this range of hcaung rates. little or no

effects were obscrved which could be attributed to the change in heating rate.  This 1s most
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likelv duc to the fact that even at 40 C/min. the time spent in heating to the exfoliation

temperature is long compared to the ume necded for desorplion.

We have previously reporled that the initial stage determines the exfolialion behavior~.
We have further evidence that the iniuial intlercalating conditions determine the exfoliation
behavior.  Table 3 illusirates the effect of the initial stage on the subsequent exfoliation
behavior. Some sampies were allowed to be intercalated. desorbed anc reintercalztec.
Irrespective of the stage after the second intercalation. the samples which were firs:
intercalated to fourth stage in a Br:-CC]__ solution of 15 mol% Br: had & lower T:. larger E]‘
and larger E: than those which were first intercalated 1o second sizge. Within a group of the
same iriual stage. the sampie intercalated twice had a greater E] and E: than the sampie

intercziaied once. though neither Tr T nor T, were affecied by reinlercalation.
c

It was interesiing to observe that acousiic emission occurred before appreciable exfoliztion
toox place (Fig. 9). The acouslic emission evenls were observed as a large number of puises
within a short period of ume. Very few events were observed once marked expansion hac
begun.  While it may certainly have been the case that once a cellular structure began to form
the acousiic pulses were attenuzted bevond delection. a gradual reduction in the number of
pulses was nol observed. Instead. emission ~was observed at generally one or two distinct
lemperatures which were scparate from the exfoliation onsel temperature. On the other hanc.
acoustlic cmission occurred during heating in the first exfoliation cvcle at abou! the temperature

of the collapse and sccond exfoliation.

Table 4 is 2 hst of E] for sampies intercalated in pure bromine at different temperatures
(80 - 1106°C) to produce third stage compounds. Though all the compounds had the same
imtal stage. El increased with increasing intercalation temperature.  Thus. the inmitial stage 15

not the solc factor that determines the exfoliation bchavior.
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Discussion

Exfoliation is commonly considered to be due to the formation of gas bubbles within an
anisotropic matrix. The phenomenon is used to produce expanded graphile procducls such as
Grafoil'® for gaskets. valve packing and insulation. and expanded mica in the form of
vermiculite.  Mariin and Brocklehurst®. and Aoki et al.'” both modecled the exfoliation of
graphile~bromine by considering the exparsion of gascous bubbles as Griffiths cracks. though
Aokl et al.'” treaied intercalated bromine ai room lemperalure as a sohid which vaporized a!
the Dbreakawayv tlemperature. Both assumed the bubbles to be trapped at defecis witlhun the
crystal.  Setion® also modeled the exfoliation of graphite~promine as the vaporizzlion of a
condensed phase. after the migration of bromine 1o defects. Olsen ct 2% in 2 swdv of the
exfoiiauion of graphite-hisuifale ccmpounds. proposed that a bisulfaie compound exisied as
pockets ai grain bouncaries. with much of the graphite remaining unaffected. They proposec
thzi the interczlate vaporized on heating. in effect causing the pockels 1o expiode. leaving z
low densitv. "isotropic”  material between planar arravs of prrolvuc graphite and voics.
Similarly. Stevens et al.® viewed exfolialion of graphite-ferric chioride as the forcible rupiure
of scalcd or pariaily sealed spaces within graphite due to the fact that ferric chioride
decomposed o iron and chlorine gas. Dowell . in ciscussing the structures of exfoliated
grapaite-bisulfate and grephite-aluminum chloride compounds. agreed that the intercalate should
diffuse 1o defecis to form three-dimensional aggregates which could vaporize. expancding the
structure.  He also suggested channeis through which the vapor escaped from the sample. We
would like 1o propose the following model for the exfoliation of graphite intercalation

compounds. as motivated by the cxperimental results obtained.

We assume that the precursor of bubbles are intercalaie filled pennv-shaped craces
distsibuted within a graphite crystal.  If the crysial is heated. the pressure within the cracks
will incrcase as the intercalale takes on a morc gascous characier. Higashida and Kamada'®
analvzed the stress distmibution around pressurized penny-shaped cracks in graphite near a free
surface and concluded that two fracture modes arc available.  One fracture mode 15 brittle

fracture as a Gniffiths crack, i.e.. the crack diameter increascs when the tensile stress in the c-




direction cxceeds the fraciure strength. The other fracture mode 1s the buckling of the walls
of the crack, ie.. when large bending moments exist at the crack tip, the flat crack mav open
to form a bubble. We propose that the latter fracture mode is responsible for the expansion
observed in exfoliation. Higashida and Kamada found that the internal pressure necessary for
fracture by either mode increased as the crack diameter decreased. Furihermore, the internal
pressure necessary for buckling was very sensitive to the depth of the crack below a free
surface due to the mechanical constraints invoived in bending a thick laver. The parameter
h/a. where h is the depth of the crack below a free surface and a is the crack radius, was
found to be much less than one when buckling was favored cver Griffiths cracking. (It mav
be of interest to note thal. unlike in glass. where brittle fracture is tvpcally calasirophic. the
c-direction fracture siress in graphite i1s low enough that the sirain energy is rapidly cissipaied
into the formation of surfaces. so that the crack growth siops rather than propagaling
cawstrophically 1o the crysial edege) Although the analvsis of Higashida and Kamada was
developed for cracks near 2 surface, 1l IS reasonebie to assume thal, due to the interaction of
stress ficids. an array of cracks can buckle throughout the material. That is. while buckiing
mayv initate near a free surface. another crack a similar depth below it can also buckle.
Conseguently 'h may be restated as an average c-dircction separation of cracks. In shorl
heating an intercalated sampie Increases lie pressure in pennyv-~shaped cracks. Griffiths
cracking is likely 1o occur at a criucal pressure: this will reduce both the inlernal pressure
within the cracks and the pressure necessary 1o cause buckling. Eventually the internal pressure
and crack diameter will be such that buckling occurs. producing the sudden large expansion
charactenistic of exfoliation.  Qur observation of acoustic emission before exfoliation is in

agreement with the concept of both {racture modes being active.

We attribute the appearance of shoulders in the exfoliation curve 1o a distribution of crazk
sizes prior 1o exfoliation. Though the size distribution is continuous, the exfoliation responsc is
not necessartly so.  Buckling will occur at the lowest pressure for cracks of a certain diamecter,
a, of which there arc a suitable number and distribution.  When these cracks buckle. cracks

with a subcrinical internal pressure (due to a slightly smaller diameter.a’) may be induced 1o
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buckie. This in turn will reduce the number of cracks of diameter a’, increasing the value of
h. Since the necessary internal pressure for buckhing i1s a very strong function of h/a. the next
exfoliaion cyvcle 15 delaved until the internal pressure builds up 1o an appropriate level. This

probably results in the appearance of muluple exfoliation episodes in the exfoliation curve.

The discussion thus far tacitly assumes that the cracks are gas tight. witll no net flux in or
oul. This 1s not necessarily the case. A pathological examplie 1s a crack which propzgates to
the ambdient atmospnere. In that case. the initernal pressure does not increzse and the walls of
such a crack can onlv buckle due 1o the buckling of surrcunding cratks. A less extrem
example would be the diffusion of intercalate belween basal planes. If the intercaiate motilin
and solubility are high. the intercziale species may diffuse out of the gas tubbles ancd into the
mailrix in a shori Ume in comparison with the length of time required for the exfoliauon
cvcie.  For exfoliziion at normal pressures. ihe Joss of intercalate from the gas bubbles may
even resull in the coilapse of the exfolizied structure. Sibseguent healing and cooling wili
then cause neghgitie expansion. Such collapse curing heating 1n the firs: exiohiation cicie was
observed in this work in graphite-nitric acid (Fig. 10). When ciffusion 1s siower. as in inc
case of bromine., long periods of ume and high temperatures are necessaty before apprecizhbic

coilapse occurs (Fig. 8).

Without a2 high temperature anneal. gTaph'uc-Br2 and graphte~ICl exnit:t cyelic exfoliation.
On cooling the siructire coliapses at a low temperature and re-cxfolizles when neatec above
that lemperaiire. The collapse 1s altributed 1o capiilary forces due 10 the condenscd
intercalate, which returns the gas bubbles to a2 nearly penny-shaped crack configuration.  On
rehcauing. exfoliation occurs again as the intercalate vaporizes. buckling the largest set of cracks
al about the same temperature that collapse occurs on cooling. The smaller set of cracks
exfoliales at higher lemperatures for the same rcason as before. ie.. a smaller radius requires a
higher pressure.  On the other hand. collapse of all cracks is concurrent as condensalion occurs
at only onc temperature; small cracks are forced shut by the larger cracks but must re-open

on their own.




If cracks buckle to form an exfoliated sirvcture, one problem 1s in delermining the source
of the penny-shaped cracks. One possibility may be defe.ts either pre-existing in the graphite
or caused by the intercalating conditions. If pre-existing defecls serve as sites for pennv-
shaped cracks, one might expect the exfoliation behavior to be affecied mainly by differences
in defect distribution due to the graphitizing process. Once the defects have become saturated
with intercalate. there should be little dependence of exfolialion on stege o7 intercalate
concentration. If the defects are not saturated. there should be an intercalate concen'ration
depencdence, 1.e., with less intercalate, less evpansion. If defects produced curing intercaziation
serve as <crack siles, one would expect thal more severe inlercalating conditions shouid procduce
more defects. hence more exfoliation. Consequent!y one wculd expect a low siage compound
10 be associzted with more defects and a greater degree of exfoliation.  Otherwise. for
saturaled defects only a weak dependence on concentration should be expected.  however.
neither of these arguments can explain our obscrvation that fourth siage samples exfoliate more

than second stage samples.

We propose thal the intlercalate islands.suggesied by Daumas and Heroid™®, determine the
size of the penny-shaped cracks. (The cratk size is not necessarily equal o the isiand size:
insicad we expecl a pesitive correlation between the islund size and the subsequent crack size.)
In wrrn. the size of the intercalate islands is determined by the intercalaling corditions. In
accordanze with nucleation theory, as the recactant acuvily increases. competition between
nucicaiion s:les increases and the subscguent micros.. . .wre is finer. Hence. as the intercalzle
acinvity 1s decreased. by dilution or by healing. the intercalate island size is expecled 10
mereasc. For a compound of a2 given congentration. increased 1island size mecans that
exfoliation can occur more casily and lo a greater extent. Observation of intercalate islands by
cleciron microscopy™' *° shows that the intercalale islands can be trcated as intersiitial
dislocation Joops and as such arc susceptible o pinning at defect sites. Nonectheless. the rslands

arc mobile and can coalesce. It should be mentioncd that measurements of the island size

havc not been madc.
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When the intercalating acrtivity was reduced by dilution. as in the imtially fourth siage
samples listed in Table 3. we observed that the amount of exfoliation was greater than that of
an initialiy second stage sample. even though the actual concentration was approximately the
same for various samples. Similarly, if the acuvity is decreased by heatng. the amount of

exfoliation was observed to increase with temperature for a givern stage (Table 4).

Let us consider ihe effect of desorption on exfoiiation. Barchan el al-" showed that &
pronouncec weight loss occurred on graphite-Br.  This is onlv 10 be evp.cled gmven e
exponential lemperature depescence of the diffusion coefficient.  Unul esiolizuon octurs.
bromine ciffuses more and more rapidly as the temperature Is increased. [sotrermael
gravimetric rtesuits™ indicale thal desorpltion recuces the concentration lo a himiting vaiue of
~1.0 - L5 mol% Br:. up to the temperature where exfoliation occurs. The mass fratiion cof
bromine los. depends on \/(DL/]:). where D is the diffusion coefficient and 1 is half the
sampic widin. Profilometry=? and X-ra: absorption siudics " indicale that the concentraiion :n &
desorzing grapmte—Br: cormpound decreases al the edge initially whiie the cenler relzins ihe
sembiance of the uncesorted sample. By the lime the apparen: residue compound has been
achicved. the concentrauion profile across the sample is nearly flat. with hittle difference i the
concentration al the edge or the center. The length of time neecdecd for this 10 oscur can be

9

considered 2s roughly proportional lo 1°/D. Hence.for the same concentration & .ampic half

as wide a5 a given sample will require roughly a quarter of the time w desord 10 an

equivalent concentration.

The above argument applies to exfoliation in the following manner. Durning exfoliztion the
temperature is steadily rising rather than being 1sothcrmal Conscguently  the diffusion
cocificicn: should te considered as a composite diffusion coefficient weighted by the mass 10ss
rate al cach temperature.  In effect, small samples may desord to a low or even residuc
conceniration during the healing cyvcle though they may have been concentrated or even

saturzled prior lo heating.  In this case the exfoliation bchavior will be the same for an

szl desorbec sample as for an initially saturated sample. Experimentally this was obscrved.
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as shown by the 3 mm sample shown in Fig. 6. For wider samples. a more and more

significant amount of intercalale remains in the center of the sample by the time the
exfoliation temperature is reached. with the result that the amount «f exfoliation increases as
tie sample width increases. This is the situation described by the solid circles in Fig. 6. On
the other hand. if the samples have been desorbed to a low or residue composition prior o
exfoliation. th's width dependence becomes neghgible. as shown by the open circles in Fig. 6.
For the samec heating rate. as was the case for all the sampies in Fig. 6. the effeciuve (D)
term 15 the same for all the samples. so that the intercziale concentration remzaining 1 2 large
sampie at the exfclialion lemperature is greater than that in a smeall sample for the case of an
imtially concentrated samples. Therefore the cmount of exfoliznon increases wilh sample wic:h

for imitialiy concentrated samples. as we have observed.

The mobility of the intercalcte 1s quite high at the exfoliation tlemperalures. anc the

solubility of the intercalaie appears to be quile low. Diffusion of the interca'alte our of the

e the matrix 1s one mechanism for the loss of excess intercalale and is sugpesied
by the feas: square fit of the dawa in Fig. 5. However, 5t is not necessarily the oniy
mechanmism.  The gas ceils themselves may serve as sinks for the excess intercaiate. Undzr such
circumsiandes, the matriv would lose intercalate while the sample as a whole wouvid not. On
subseguent exfoliction cicles the enriched cells should expand 1o a greater degree.  The latier
poss:diiily 1s consistent with the observation of E_)E] for samples which are iniially desorbec.
The diffusion of the intercalate ou! of the sample 15 no! the only means of losing iniercalate.
[t sheaid Se born in mind tiaat the weight lesses during the first two exfohauon cycles 1n Fig
§ do not fit the lecast square line.  There is consideradb!y more desorption during these 1wo
cvcles than can be evplained by using the samce diffusion cocificient which can be applied to
the later cucles U seems far more likely that a certain number of the gas bubbles present arc
bursting. or are fcrming an interconnected network which in turn opens 1o the outside of the
samp.c. The channels suggested by Dowell’ mav be such a network. If so, onc would cvpect
th?t 2 greeler 1mt:al concentration would tend o ruplure and/or nterconncc! more »f the

cells. 2s @ grealer concentration would serve as a source of a grealer gas volume.  Conscquentl:
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a greater proportion of the initial concentration would be lost on the first exfohation cycle of
an nitially concentrated sample than in one which had bcen desorded prior to exfolialion.
With such a loss of intercalate. less is avatlabie on subscquent cycles so that the amount of

exfoliation 1s decreased as shown by the solid circles in Fig. 4

Table 5 shows the comparison of the exfoliauion temperatures (first onsel temperatures) of

graphile-HNO_. grephite-Br. and graphite-ICl with the respecuive intercalate melting temper-
2 -

alures and the respecuive melling and boiling potnts of bulk HNO.. Br, anc I1C..  For
3 -
graphtte- Br.. the collapse temperature (which is the same as the second cxicizuon

lemperature) 1s approximately the same as the intercalale melling temperature.  Oiher than this

match. the exfoliation and collapse temperatures are different from any of ihe corresconcin

a2

e

critical temperatures listed. Comparison of the trends cdown the various columns 1n Ta®i
shows a possibie rteiationship between the cxfohizllon temperalure anc the bulk melung

lemperaire.

Conclusion

The amount of exfoliation of graphile—Br: was found 10 be determined by the inlercaianoen
cond:tions. namely the Br: concentration in the Br:—CCli solution and the ‘ilemperzlure. such
that the expansion increased with increasing initial stage number and with increasing ‘emper-
ature.  Duc 10 intercalate desorpuon during heating. anncaling was founc¢ 1o increase the
amoznt of residual cxpansion until exfoliation became irreversible. Desorption also resulied in
the increase of the exfoliztion expansion wilh increasing sample wicth for concentratec sampies
2nd the decrease in the expansion with repeated cxfoliation cyvcies for these samples. A singic
exfohiation event was found 1o consist of muluiple expansion spurts. which occurred at ~150°C

and ~240°C for first cxfoliation, and at ~100°C and ~240°C for subscquent cvcles.  Acouslic

cmission was obscrved before appreciable expansion during the first exfoliation cvele.

In-pianc intercalate ordering was observed by x-ray diffraction 1n exfoliated graphite-Br..

A modc! of exfoliation involving intercalate islands®® is proposed.
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Table 3 Effect of Staging on Exfoliation Behavior

Stage after lst intercalation 4 4 2 2
Stage after 2nd intercalation 2 / 4 /
Mole 7% Br2 1.60 1.39 1.585 1.53
Tirst Exfoliation
Temperature T, (°c)
1st Onset 161 145 185 185
2nd Onset 239 230 230 223
Fractional Expansion (AL/L)
lst Shoulder (El) 28 18 8 5
2nd Shoulder 39 23 20 14
First Collapse
Temperature T_ (°C) 101 89 104 105
Residual Fractional
Expansion (E.) 2.3 1.1 R 1.0
Second Exfoliation
Temperature T, (°c) 100 99 99 108
Fra;;ional Expansion (E,) 30 16 15 1:
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FIGURE CAPTIONS

Transmission Laue x-rav diffraction patterns of graphite-Br_(2) after desorp-
tion from saturaticn and beofore exfoliation. and (b} after "exfoliation carried
out at ~300°C.

Fractional expansion versus lemperature during the first two exfoliation-
collapse cycles for graphite-Br. which had been desorbed from 6.3 molS% Br.
to 1.6 molS% Br_ prior to heating. .

Fractional expansion versus temperature during the first cone and a2 half
exfoliation~collapse cvcles for graphite-ICl which was sziurated (stage 1) prior
to heating.

Fractional expansion at the first shoulder (E\) versus the number of exfolialion
veles (N) for graphite-Br, which (i) were not desorbed prior 1o heating and
(ii) were desorbed prior 1o heating.

Gravimetric determination of the intercalate (Br.) concenirzlion as 2 functon
of /N, where N i the number of exfoliation cvcies.
S

Fractional expansion at the first shouider during first exfouauion (E) versus
the sampie width perpencicular to Lt c-axis for graphite-Br . ‘

Fraciional expansion versus lemperature during the first one ancd a helf
exfohation~collapse cicies carried outl lo three differenl maxirium temperatiures
for graphite-Br_.

Fractional expansion of graphite-Br versus temperature during the first one
and a half exfoliation-collapse cycles in which isothermal anneaiing at the
maximum temperature (~600°C) during the first heating cvcle was carried out
for various lengths of time.

Acouslic emission versus temperature superimposed on a curve of f{ractional
expansion versus temperature for one exfoliation-collapse cycle of grapiie-Br .

Fractional expansion versus temperature during the first two exfoliation-
collapse cycles of graphite-nitric acid.
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